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ABSTRACT 

Aims. The analysis of the high-resolution UVES spectra of the CP stars HR6000 and 46Aql has revealed the presence of an impressive 
number of unidentified lines, in particular in the 5000-5400 A region. Because numerous 4d-4f transitions of Feii lie in this spectral range, and 
because both stars are iron overabundant, we investigated whether the unidentified lines can be due to Fe ii. 

Methods. ATLAS12 model atmospheres with parameters [13450K,4.3] and [12560K,3.8] were computed for the individual abundances of 
HR 6000 and 46 Aql, respectively, in order to use the stars as spectroscopic sources to identify Fe ii lines and to determine Fe ii gf-values. After 
having identified several unknown lines in the stellar spectra as due to ('H)4d-(^H)4f transitions of Feii, we derived stellar log gf's for them 
by comparing observed and computed profiles. The energies of the upper levels were assigned on the basis of both laboratory iron spectra and 
predicted energy levels. 

Results. Wefixed21 new levels of Fe n with energies between 122910.9cm"' and 123441.1 cm"'. They allowed us to add 1700 new lines to 
the Fell line fist in the range 810 - 150 11 A. 
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1. Introduction 

The analysis of the UVES spectrum of the chemically pecu- 
liar star HR6000 performed by Castelli & Hubrig (2007) has 
shown the presence of a huge number of unidentified lines in 
the whole observed range from 3050 A to 9460 A. Most im- 
pressive regions were those at 4404-441 1 A and 5000-5400 A. 
An attempt to identify unknown lines in the 5 130-5 136 A in- 
terval using the available lists of predicted Fe ii lines Q (version 
2003) was very laborious and not very successful. 

An analysis of the list of the unidentified lines and of the 
plot of the observed and computed spectra available at the 
Castelli web-sit^ has led S. Johansson to identify about half 
of them as transitions between high excitation levels of Fe ii. 
The identifications were made using unpublished line lists he 
obtained from laboratory spectra. Johansson (2009) was able 
to fix a group of 13 lines concentrated in the 4404-441 1 A in- 
terval as belonging to the multiplet 4s('^S)4d^D - 4s(^S)4f ^F. 



Send offprint requests to: F. Castelli 
* This study is the result of a collaboration with S. Johansson, who 

unfortunately left us before this paper started to be written. 
' http://kurucz.harvard.edu/atoms/2601/gf2601 .lines0600 
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The upper terms have energies between 132145 cm"' and 
132158cm"', therefore well above the Feii ionization limit of 
130563 cm"'. Another example of new identifications can be 
found in Castelli, Johansson & Hubrig (2008) where some un- 
known lines in the 5 175-5 180 A interval of HR 6000 were iden- 
tified as due to (^^H)4d - (^H)4f transitions of Fe ii. In this case 
the energy of the upper levels is of the order of 123000 cm"', 
therefore just below the ionization limit. 

Laboratory spectroscopic sources show lines in emission 
and must populate upper levels to produce a spectrum. Most 
stars are observed in absorption so that their line strengths 
are determined by the lower level populations; the spectra are 
stronger. HR 6000 and 46 Aql are bright and can be observed 
at high resolution and high signal-to-noise ratio. They have 
low projected rotation velocity, 1.5 kms"' for HR6000 and 
1.0 kms"' for 46 Aql. Thus blending is minimal and wave- 
lengths and line strengths can be well determined by fitting the 
spectrum. 

It is likely that most of the unidentified lines in these stars 
are Fe ii. Some could be due to other overabundant elements, 
in particular Pii, Mnii and Xen. However, as far as Mnn is 
concerned, the unidentified lines are either weaker or do not 
appear at all in the HgMn star HD 175640 which is iron weak 
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([Fe/H]= -0.25) and manganese overabundant ([Mn/H]= +2.4) 
(Castelli & Hubrig 2004; Castelli et al. 2008). It is also improb- 
able that so large number of unidentified lines, mostly concen- 
trated in the 5000-6000 A region, are not also due to Fe ii. Since 
these lines are present at subsolar iron abundance they must be 
present in all Population! late B-type stars, or in any object 
with strong Fe ii lines, but they are normally smeared out by 
rotation and difficult to see. 

Because every new level accounts for hundreds of new lines 
throughout the spectrum from the UV through the IR, we ex- 
tended to a larger range the work already made for the 5175- 
5181 A interval with the aim to increase the number of the 
classified Feii levels. We used both identifications based on 
laboratory spectra and derived from predicted energy levels. 
Furthermore, because numerous high-excitation lines due to 
the 3d^(5D)4d - 3d^(5D)4f transitions lie in the 5000-5400 A 
interval, we examined the computed log gf's that are used for 
the synthetic spectra computations. We compared them with 
experimental (Johansson, 2002) and stellar values, which we 
derived from both HR 6000 and 46 Aql. We used two stars in 
order to check the consistency and estimate the reliability of 
the stellar oscillator strengths. Then, we derived stellar log gf's 
for the new identified (^H)4d - (^H)4f lines. Finally, we show 
an example of synthetic spectrum computed both with old and 
new line lists. 

In order to use HR6000 and 46 Aql as spectroscopic 
sources to identify Fe ii lines, to determine Fe ii log gf's, and to 
compute synthetic spectra we fixed at first model atmospheres 
and abundances for each star Special care was devoted to de- 
rive the iron abundance. 

2. The stars HR 6000 and 46 Aql 

Both HR6000 (HD 144667) and 46 Aql (HD 186122) are B- 
type CP stars. HR6000 was extensively studied by Castelli 
& Hubrig (2007) in the 3050 - 9460 A region, 46 Aql by 
Sadakane et al. (2001) in the 5100 -6400 A interval. Because 
model atmospheres are needed for the determination of stel- 
lar log gf's, we revised the model atmosphere and the abun- 
dances of HR 6000 and determined the model atmosphere and 
the abundances for 46 Aql on the basis of our observations. 

2.1. Observations 

The observations of HR6000 are described in Castelli & 
Hubrig (2007). Those for 46 Aql were obtained in the frame- 
work of the same observational program (ESO prg. 076. D- 
0169(A)). They are of the same quality and were reduced with 
the same procedures used for HR 6000. 

In this paper we revised our previous analysis of HR 6000 
(Castelli & Hubrig 2007) because a further investigation has 
indicated that B aimer profiles that were used by us to fix the 
model parameters are too affected in the UVES spectra by 
imperfections related to the echelle orders. As we show in 
Appendix A, the spectral distorsions for H^, Hy, and, to a less 
extent, for H^ are so significant that it is not possible to draw 
a reliable continuum over the observed profiles. Only Ha does 



not show manifest problems so that it could be used for the 
analysis with some confidence. 

2.2. Model paramaters and abundances 

In Castelli & Hubrig (2007) the model parameters of HR 6000 
(reff=12850K, log g=4.10, ^=O.Okms-') were derived from 
Balmer profiles and from Fe i and Fe ii ionization equilibrium. 
In this paper the model parameters for both HR6000 and 
46 Aql were obtained from the Stromgren photometry, from the 
requirement of no correletion of Fe ii abundances derived from 
high and low excitation lines, and from the requirement of Fe i 
- Fe II ionization equilibrium. This kind of determination has 
led to a revision of the model parameters for HR 6000. 

The parameters of the two stars obtained from the 
Stromgren photometry are given in Table 1 . They were de- 
rived with the method described in Castelli & Hubrig (2007), 
where the reddening for HR6000 is also dicussed. The ob- 
served indices were taken from the Hauck& Mermilliod (1998) 
Catalogu^. ATLAS9 models with parameters [13800K,4.3] 
for HR6000 and [12750K,3.8] for 46 Aql were computed for 
solar abundances and zero microturbulent velocity. The iron 
abundance was derived from the equivalent widths of a se- 
lected sample of high-excitation Fe ii lines having experimental 
log gfs (Johansson, 2002). They are due to (^D)4d - CD)4f 
transitions and are listed in Table 2. The equivalent widths of 
these lines, as well as of the other lines discussed in this pa- 
per, were measured integrating the residual fluxes over the pro- 
files. Abundances were obtained with a Linux version (Castelli 
2005) of the WIDTH code (Kurucz 1993). We note that there 
are no measured equivalent widths for the line at 5 100.734 A 
because it is part of a strong blend formed by four Feii lines. 
The line was included in Table 2 in order to show the whole set 
of (^D)4d - (^D)4f transitions having experimental log gf's. 
The lines from Table 2 are particularly well suited to provide 
the iron abundance because they are rather insensitive to the 
model parameters. In fact, for differences in T^ff of 500 K, 
they give abundance differences less than 0.05 dex. For dif- 
ference in log g of 0.2 dex they give abundance differences 
of the order of 0.01 dex. For example, for HR6000, the Feii 
abundance from ATLAS9 models computed for log g-4:3 and 
reff= 13300 K, 13800 K, and 14300Kis -3.66dex , -3.65 dex 
(Table 2), and -3.61 dex, respectively. For models computed 
for reff=13800K and log g^4.l, 4.3, and 4.5 the iron abun- 
dance is -3.65 dex, -3.65 dex (Table 2), and -3.64 dex. Similar 
results can be obtained for 46 Aql. 

Once the iron abundance was fixed, we checked the model 
parameters inquiring whether the adopted model gives the same 
abundance also from Fe i lines and from a large sample of Fe ii 
lines which includes also low-excitation transitions. To this 
purpose, we measured the equivalent widths of the Fe i and Fe ii 
lines listed in Table B.l and derived the corresponding abun- 
dances. They are -3.68+0.06 dex and -3.68+0. 15 dex, respec- 
tively, for HR6000 and -3.93+0.06dex and -3.91+O.lldex, 
respectively, for 46 Aql. For both stars the ionization equi- 
libria are fuUfiUed within the error limits and also the Feii 

^ http;//obswww.unige.ch/gcpd/gcpd.html 
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Star b-y m c (3 E(b-y) (b-y)o mp Cp reff(K) log g 

HR6000 -0.030 0.116 0.521 2.750 0.031 -0.061 0.126 0.506 13799±150 4.27±0.05 

+0.003 ±0.003 ±0.003 

46 Aql -0.019 0.094 0.641 2.729 0.035 -0.054 0.105 0.634 12763±150 3.75±0.05 

±0.002 ±0.002 ±0.002 



Table 2. Iron abundance from a selected sample of high excitation (4d-4f) Fen lines with experimental loggf's and ATLAS9 
models. 



^(A) 


loggf 






Conflg. 


W(mA) 


loge(W) 


W(mA) 


loge(W) 




exp 










HR6000 [13800,4.3] 


46 Aql [12750,3.8] 


4883.292 


-0.521 


82853.66 


103325.93 


(5D)4d e^F„/2- 


-(5D)4f3[5]„/2 


14.2 


-3.87 


11.3 


-4.10 


4913.295 


0.016 


82978.67 


103325.93 


('*D)4d e^Fg/a- 


eD)4f3[5]„/2 


36.3 


-3.67 


31.1 


-3.91 


5001.953 


0.933 


82853.66 


102840.27 


(5D)4de*F„/2- 


- (5D)4f 4[6]i3/2 


76.0 


-3.61 


66.1 


-3.86 


5100.734 


0.671 


83726.37 


103325.93 


(5D)4d«D9/2- 


(5D)4f3[5]„/2 










5227.483 


0.831 


84296.83 


103421.16 


(5D)4de''Gu/2- 


-(5D)4f3[6]i3/2 


66.8 


-3.58 


58.0 


-3.83 


5253.647 


-0.191 


84296.83 


103325.93 


(5D)4de*G„/2- 


-(5D)4f3[5]„/2 


30.6 


-3.51 


23.5 


-3.83 


5260.254 


1.090 


84035.12 


103040.32 


(5D)4de''G,3/2- 


-(5D)4f4[7]i5/2 


77.9 


-3.59 


66.9 


-3.84 


5316.214 


0.418 


84035.12 


102840.27 


(5D)4de«G,3/2- 


-(5D)4f4[6]i3/2 


48.7 


-3.61 


39.7 


-3.94 


5339.592 


0.568 


84296.83 


103019.64 


(5D)4de''Gu/2- 


-(5D)4f4[7]i3/2 


48.2 


-3.74 


42.8 


-3.97 


5387.063 


0.593 


84863.33 


103421.16 


(5D)4d e4G„/2- 


- (5D)4f 3[6]i3/2 


47.7 


-3.75 


41.3 


-4.00 


5414.852 


-0.258 


84863.33 


103325.93 


(5D)4d e''G„/2- 


- (5D)4f 3[5]„/2 


25.0 


-3.57 


19.1 


-3.87 


5506.199 


0.923 


84863.33 


103019.64 


(5D)4d e^Gu/2- 


- (5D)4f 4[7]i3/2 


73.8 


-3.65 


54.2 


-3.94 


5510.783 


0.043 


85184.73 


103325.93 


(5D)4de*G9/2- 


■ (5D)4f 3[5]ii/2 


32.5 


-3.61 


26.3 


-3.89 


Average abundances 












-3.65±0.09 




-3.92±0.08 



abundance from the large sample of lines listed in Appendix B 
agrees, within the error limits, with the abundance yielded by 
the small sample of high-excitation Fe n listed in Table 2. We 
conclude that the [13800,4.3] ATLAS9 model for HR6000 
and the [12750,3.8] ATLAS9 model for 46 Aql reproduce the 
Stromgren colors, give Fei-Fen ionization equilibrium, and 
also Fe ii abundance independent from the excitation potential. 
Also the Hfl, profile is farly well reproduced by the models in 
both stars. 

The ATLAS9 models were used to obtain abundances for 
the other elements different from iron. For Hei we adopted 
the lines listed in Castelli & Hubrig (2004) and we analyzed 
them as described in that paper. For the other elements the 
lines listed in Table B.l were used. For most lines equivalent 
widths were measured, for weak lines or lines which are blends 
of transitions belonging to the same multiplet, as Mg n 448 1 A 
and most O i profiles, we derived the abundance from the line 
profiles with the synthetic spectrum method. Synthetic spectra 
were computed with a Linux version (Sbordone et al. 2004) 
of the SYNTHE code (Kurucz 2005). When no lines were ob- 
served for a given element an upper abundance limit was fixed 
by reducing the intensity of the computed line at the level of 
the noise. To compute synthetic spectra rotational velocities 
equal to 1.5 km s"' and 1.0km s"' were adopted for HR6000 
and 46 Aql, respectively. They were derived from the compari- 
son of the observed and computed Mg n profiles at 448 1 A. 

Because the abundances found for most elements were far 
from solar, we computed ATLAS12 models (Kurucz 2005) 



for the individual abundances with the same parameters of 
the ATLAS9 models. The stincture of the ATLAS 12 mod- 
els is heavily affected by the large iron overabundance, while 
the helium underabundance, although large, has a negligible 
effect, in contrast with what we wrongly stated in CasteUi 
& Hubrig (2007). As a consequence, the Fei-Fen ioniza- 
tion equilibrium is no longer acheived by the ATLAS 12 mod- 
els unless the parameters are changed. Keeping fixed the 
gravity, which reproduces rather well the Hq, profile and af- 
fects the wings more than the temperature does, we mod- 
ified Teff until the Fei abundance from the fines fisted in 
Appendix B agrees with the Fen abundance obtained from 
the lines shown in Table 2. The final ATLAS 12 parameters 
are reff=13450K, log g=4.3, f=O.Okms-' for HR6000 and 
Teff^ 12560, log g=3.8,^=0.0kms-i for 46 Aql. The computed 
indices (b-y), m and c for HR6000 are -0.064, 0.126, and 
0.535, respectively. For 46 Aql they are -0.052, 0.116, and 
0.662. For both stars the observed (b-y) is reproduced by the 
models within the observational uncertainties, while the c in- 
dex is not. This means that the models are able to predict the 
optical spectrum but not the spectrum shortward of the Balmer 
discontinuity. 

We note that we could have simply used the ATLAS9 mod- 
els computed for solar abundances with the parameters given in 
Table 2 which reproduce both Stromgren colors and Fei-Fen 
ionization equilibria. But in this case, the state of the gas in 
the input model is very different from that recomputed by the 
final synthetic spectrum which has not solar input abundances 
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for several elements, in particular He , which heavly affects the 
state equation results. We have preferred to use consistent com- 
putations in model and synthetic spectra rather than use differ- 
ent abundances in the two codes, although the predictions may 
appear to be better in this latter case. 

Table 3 summarizes the final stellar abundances used 
to compute ATLAS 12 models and synthetic spectra. For 
HR 6000, abundances which differ from the previous determi- 
nation (Castelli & Hubrig 2007) by 0.2 dex or more are those 
for He: (+0.20), Can (+0.2), Tin (+0.30), Cm (+0.27), Mnii 
(+0.42), Fei and Pen (+0.21), Yii (+0.2). For 46 Aql, abun- 
dances differing by more than 0.2 dex from those derived by 
Sadakane et al. (2001) are those for C ii (-0.33), S ii (>+0.77), 
Ti II (-0.44), Fe i (-0.32). The number in parenthesis is the dif- 
ference between this paper and the other analyses. Sadakane et 
al. (2001) adopted an ATLAS9 model atmosphere with param- 
eters Teff^OOOOK, log g=3.65, and v„„i=0.3kms"'. 

The abundances of 46 Aql show approximately the same 
pattern as in HR6000, but the deviations from solar values 
are generally lower The most remarkable differences between 
the two stars are the overabundance of copper, zinc, and ar- 
senic in 46 Aql, while no lines of these elements were observed 
in HR6000. The arsenic overabundance can not be quanti- 
fied owing to the lack of log g f's for As ii. Lines of As ii ob- 
served in the spectrum are listed in Table B.l. We assigned 
to each line the corrisponding transition on the basis of the 
two separate lists for lines and energy levels taken from the 
NIST databas^ 0. Furthermore, Cr ii is slightly overabundant 
in HR6000 ([0.3]) and underabundant in 46 Aql [-1.1], Can is 
solar in HR6000 and slightly underabundant in 46 Aql [-0.3], 
and Y ii and Hg ii are less overabundant in HR 6000 than in 
46 Aql. 

In both HR 6000 and 46 Aql the He i profiles can not be 
reproduced by the same abundance. We adopted the abundance 
reproducing the wings of AA 3867, 4026, 4471 A at best. The 
cores of all He i lines would require a lower abundance than 
that which fits the wings. 

In both stars the average abundances for phosphorous and 
manganese show deviations larger than 0.2 dex. For phospho- 
rous they are due to a difference of the order of 0.5 dex between 
the abundance from lines with A < 5000 A and the abundance 
from lines with A > 5000 A. For manganese, the large devia- 
tion is due to a difference of 0.6 dex in HR 6000 and 0.4 dex 
in 46 Aql between the abundances from lines lying shortward 
and longward of the Balmer discontinuity. The Mn n abundance 
was derived both from equivalent widths and lines profiles. No 
hyperfine structure was considered in the computations in the 
first case, while in the second case hyperfine components were 
taken into account for all the lines except for 3917. 318A, in 
that no hyperfine constants are available for its upper energy 
level. The hyperfine components were taken from Kuruc^ 
The difference in the average abundances obtained with the two 
methods are of the order of 0.01 dex. 



littp://pliysics. nist.gov/PliysRefData/ADS/Iines_ form.html 
' littpV/pliysics. nist.gov/PliysRefData/ADS/levels_form.litml 
* http : //kurucz.harvard. edu/atoms/25 l/liyper25 1 5 5 . srt 



A plausible explanation for the discrepancy in the Mnii 
abundance is that the model structure is inadequate to repro- 
duce the ultraviolet spectrum, as we already deduced from the 
comparison of computed and observed c indices. Vertical abun- 
dance stratification, which is a consequence of radiative dif- 
fusion acting in CP stars (Michaud 1970), can be invoked to 
explain the anomalous He I line profiles as well as the P and 
Mn non homogeneous abundances. A comprehensive discus- 
sion on observational evidence for the abundance stratification 
in CP stars is given by Ryabchikova et al. (2003). It includes 
the impossibility to fit the wing and the core of strong spectral 
lines with the same abundance and the different abundances 
obtained from the lines of the same ions formed at different 
optical depths as, for example, longward and shortward of the 
Balmer discontinuity. Finally, for a reliable discussion on phos- 
phorous, more studies on the oscillator strengths of P ii and P iii 
lines observed in the optical region are needed. 

In both HR6000 and 46 Aql the Hgii Hne at 3983.890A 
is mostly due to the heaviest isotope of Hg. The lines of the 
Ca II infrai-ed triplet at 8498, 8542, and 8662 A are-red shifted 
by 0. 14 A in HR 6000 and by 0. 1 3 A in 46 Aql, so indicating a 
nonsolar Ca isotopic composition. In HR 6000 emission lines 
of Cr II, Mn ii, and Fe ii were observed. Instead, in the spectrum 
of 46 Aql there are emission lines of Ti ii and Mn ii. 



3. The (5D)4f and states of Fe ii 

Energy levels of a given atom are most often described by the 
LS coupling in which the total orbital angular momentum L of 
the atom is coupled to the total spin angular momentum S to 
give the total angular momentum J=L+S. Some high levels, 
such as the (^D)4f and (''H)4f states of Feii, tend to appear in 
pairs so that they are better described by the jK coupling with 
the notation jc[K]y, where is the total angular momentum 
of the core and K=jc+1 is the coupling of j^. with the orbital 
angular momentum 1 of the active electron. The level pairs cor- 
respond to the two values of the total angular momentum J that 
result when the spin s=+l/2 of the active electron is added to 
K. 

While the energy levels of the 3d^(^D)4f states are known 
and are available for instance at the NIST data-base, this is not 
the case for the levels with the higher parent term 3d^(^H)4f. 
The levels have not been observed in the laboratory and are 
still unclassified. 



4. The 3d^(^D)4d - 3d^(5D)4f transitions of Fen 

The 4d-4f transitions discussed in this paper appear in the opti- 
cal region, mostly between 4800 and 6000 A. Their presence 
in stellar spectra was found long time ago by Johansson & 
Cowley (1984). They are present also in the iron-rich peculiar 
stars HR 6000 and 46 Aql. We used UVES specti-a of these stars 
to derive stellar log gf's that we compared with experimental 
and computed values. 
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Table 3. Abundances log(N(elem)/N,o,) for HR6000 and 
46Aql from ATLAS12 models. Solar abundances are from c 
Grevesse&Sauval(1998). 



0.5 



elem 


HR 6000 


46 Aql 


Sun 




[13450K,4.3] 


[12560K,3.8] 




Hex 


-2.10 


-2.00 


-1.05 


Ben 


-9.78 


-9.91 


-10.64 


Cn 


-5.50 


-4.75 


-3.52 


Ni 


<-5.82 


<-5.50 


-4.12 


Or 


-3.68±0.4 


-3.51±0.10 


-3.21 


Nei 


<-4.86 


-4.51 


-3.96 


Nai 


< -5.71 


-5.69 


-5.71 


Mgn 


-5.66 


-5.45 


-4.46 


All 


<-7.30 


-6.65 


-5.57 


Aln 


<-7.30 


< -7.40 


-5.57 


Sin 


-7.35 


-5.61±0.06 


-4.49 


Pn 


-4.44±0.27 


-5.02±0.30 


-6.59 


Pm 


-5.11±0.26 


-5.87 


-6.59 


Sn 


-6.26 


-5.74 


-4.71 


CI I 


<-7.74 


<-7.04 


-6.54 


Can 


-5.68 


-5.98 


-5.68 


Sen 


< -9.50 


<-9.50 


-8.87 


Tin 


-6.47±0.13 


-6.46±0.06 


-7.02 


Vn 


< -9.14 


-8.94 


-8.04 


Cm 


-6.10±0.09 


-7.48 


-6.37 


Mnn 


-5.18±0.32 


-5.82±0.22 


-6.65 


Fei 


-3.65±0.07 


-3.91±0.06 


-4.54 


Fen 


-3.65±0.09 


-3.91±0.08 


-4.54 


Con 


<-8.42 


< -8.02 


-7.12 


Nin 


-6.24 


-6.47 


-5.79 


Cun 


<-7.83 


-6.24±0.02 


-7.83 


Zni 




-5.85 


-7.44 


Znn 




-5.76 


-7.44 


Asn 




>-9.67 


-9.67 


Srn 


<- 10.07 


-10.67 


-9.07 


Yn 


-8.60 


-8.09±0.08 


-9.80 


Xen 


-5.23 


-5.81 


-9.87 


Hgn 


-8.20 


-7.10 


-10.91 



0.0 



-0.5 




-1.5 



4.1. Experimental log gf's 

All the experimental data described in this section have been 
made available to F. Castelli by S. Johansson and are briefly de- 
scribed in Johansson (2002). Radiative lifetime measurements 
of five 3d6(5D)4f levels, i.e. 4[6]i3/2, 4[l]u/2, 4[7]i5/2, 3[6]i3/2, 
3 [5] 11/2, and branching fraction measurements for 13 transi- 
tions 4d-4f with wavelengths in the 4800-5800 A region were 
made at Lund. Einstein cofficients A, derived by combining 
the measured branching fractions with the lifetime measure- 
ments, were converted into experimental oscillator strengths. 
The 4d-4f transitions together with the experimental log gf's 
are given in Table 2 and Table 4. While the 4f levels with J 
>ll/2 decay only to 4d levels, the 4f 3 [5] 11/2 level may decay 
also to 3d levels. As a consequence, the log gf's for the tran- 
sitions involving the 3 [5] 11/2 level may be less accurate than 
those related with levels with J>ll/2 which have an estimated 
error of 0.05 dex. 



-0.5 0.5 
loggfCHR 6000) 



1.5 



Fig. 1. Comparison of stellar log gf's from HR6000 and 
46 Aql for (^D)4d-(^D)4f transitions of Feii. The horizontal 
dashed line indicates the average difference. 



4.2. Computed log gf's 

The computed log gf's were taken both from Kurucz's line 
lists (K09, January, 2009 versionj^ and from Raassen & 
Uyhngs (1998) (RU98) data. We note that Fuhr & Wiese (2006) 
(FW06) adopted the RU98 data for the few (^D)4d - CD)4f 
transitions that they listed in their critical compilation. 

Both K09 and RU98 results are due to semi-empirical 
methods, although different. The K09 results are obtained with 
the use of the Cowan (1981) atomic structure code while the 
RU98 rsults are obtained by the orthogonal operators method. 
The computed log gf's are listed in Table 4. 

4.3. Stellar log gf's 

In order to derive stellar log gf's we computed synthetic pro- 
files for the Fell lines listed in Table 4. We used the ATLAS 12 
models discussed in Sect. 2, the SYNTHE code (Kurucz 2005) 
and line lists based on the Kurucz database that we continually 
update with new data when available (Castelli & Hubrig 2004). 
Keeping fixed the iron abundance of -3.65 dex for HR6000 
and of -3.91 dex for 46 Aql (Table 3) we adjusted the log gf 
values in the calculated spectrum for the lines listed in Table 4 
until observed and computed profiles agree at best. All the lines 
can be well fitted except for the very strong ones with log gf 
larger than 0.9. Their observed cores are stronger than the com- 
puted and can never be reproduced by the computed spectrum 
because increasing the log gf broadens the wings rather than 
increases the core. An example is the line at 5260.254 A that 
we decided to exclude from the comparisons. Possibly, the 
strongest Fe 11 lines are affected by vertical iron inhomogeneties 
which do not affect the medium-strong and weak lines. 

Fig. 1 shows the difference between the stellar log gf's 
from HR6000 and from 46 Aql as function of the stellar 
log gf's from HR6000. The average difference, shown by the 
dashed line, is -0. 019+0. 042dex, but the difference for single 
lines increases with increasing log gf's from 0.00 to 0.15 dex. 



http;//kurucz/harvard/edu/atoms/2601/gf2601kjan09.pos 
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Fig. 2. Calculated log gfs (K09) for (5D)4d-(5D)4f transitions Fig. 3. Calculated log gfs (RU98) for (5D)4d-(5D)4f transi- 
of Fe 11 are compared with experimental log gfs. The horizon- tions of Fe ii are compared with experimental loggf 's. The hor- 
tal dashed line indicates the average difference. izontal dashed line indicates the average difference 



in the sense that the values from 46 Aql become larger than 
those from HR 6000. The largest difference of -0. 15 dex occurs 
for A 5961.705 A. Because each stellar value well reproduces 
the observed line in each star we do not have explanation for 
the discrepancy. 

We assumed as stellar log gfs the average of the values 
obtained from HR 6000 and 46 Aql. Stellar log gfs for the two 
stars and the average are Usted in Table 4. 

4.4. Comparison of log gfs 

The difference between experimental and computed log gfs 
versus the experimental log gfs is shown Fig. 2 and Fig. 3, 
where the computed data are those from K09 and RU98, re- 
spectively. The average difference of 0.028+0.061 dex yielded 
by the RU98 values is lower than the average difference of 
0.043±0.07 1 dex given by the K09 values, but they agree within 
the error limits. The largest difference of -i-0. 130 in Fig. 2 is due 
to the transition at 4883.292 A. However, the J value of the 4f 
upper level of this Une is 1 1/2, therefore not high enough to as- 
sure no additional decays to 3d levels (Johansson, 2002). This 
fact could affect the experimental log gfs and the better agree- 
ment with the RU98 data could be fortuitous. In fact. Table 4 
shows that the stellar log gf agrees better with the K09 than 
with the RU98 value. 

Stellar log gfs are compared with K09 and RU98 log gfs 
in Fig. 4 and Fig. 5, respectively. The mean difference of 
0.006+0. 116dex given by the K09 data is fully comparable 
with the average difference of -0.007±0.144dex yielded by 
the RU98 log gfs. In both cases the dispersion around the 
mean value is rather large. The lines giving the largest dis- 
crepancies are different in K09 and RU98. In K09 the lines 
are those at 5257.119 (-0.47), 5359.237 (-0.314), 5358.872 
(+0.286), 5355.421 (+0.285), 5366.210 (-0.267), 5062.927 
(-0.260) A. In RU98 they are those at 5070.583 (-0.760), 
5140.689 (-0.543), 5093.783 (-0.399), 5200.798 (+0.287), 
5081.898 (-0.279) A. The values in parenthesis are the dif- 
ference log ^/(computed)- log ^/(stellar). For all these tran- 
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Fig. 4. Calculated log gfs (K09) for (5D)4d-(5D)4f transitions 
of Fe n are compared with astrophysical log gfs. The horizon- 
tal dashed Une indicates the average difference. 



sitions and for both sets of computed log gfs the difference 
between the stellar log gfs from HR6000 and 46 Aql is less 
than 0.06 dex, so that the cause of the disagreements probably 
is due to the computed values. 

We note that Kurucz updates his calculation whenever new 
Fe n levels become available. The January 2009 version of the 
Fen line list used for the (^D)4d-(^D)4f transitions discussed 
in this paper includes only a few of the new (^H)4d-(^H)4f 
levels presented in Sect.5. In a near future a new Fen line list 
with all new levels given in Table 5 and Table 6 will be made 
available on the Kurucz web-site. 



5. New identified lines in l-[R6000 and 46 Aql 

The spectrum of HR 6000 contains a huge number of uniden- 
tified lines mostly concentrated in the 5000-5400 A region 
(Castelli & Hubrig, 2007). The same unidentified lines can be 
observed also in the spectrum of 46 Aql. S. Johansson (2006) 
remarked that a great number of unidentified Unes in the plots 
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Table 4. Stellar log gf's for a sample of (^D)4d-(^D)4f lines of Fen observed in HR6000 and 46 Aql. log gf's from the 
two stars are averaged and compared with experimental log gf's from Johansson (2002) and calculated log gf's from Kurucz 
(2009)(K09)(footnote7) and from Raassen & Uyhngs (1998) (RU98). 



A{A) 


transition 












loggf 




















exp 


rlK uUUU 


40 Aql 


Aver 






4883.292 


CD)4d e^Fu/i 


(^D)4f3[5 


11/2 


82853.656 


103325.927 


-0.521 


-0.673 


-0.643 


-0.658 


-0.651 


-0.601 


4913.295 


(5D)4d e«F9/2 


(5D)4f3[5 


11/2 


82978.668 


103325.927 


0.016 


-0.014 


0.006 


-0.004 


-0.069 


0.050 


4990.509 


(5D)4d e*F5/2 


(5D)4f3[4 


7/2 


83308.195 


103340.652 




0.118 


0.168 


0.143 


0.161 


0.195 


5001.953 


('D)4d 


(^D)4f4[6 


13/2 


82853.656 


102840.269 


0.933 


0.963 


0.983 


0.973 


0.884 


0.916 


5004.188 


CD)4d 6^11/2 


(5D)4f4[5 


11/2 


82853.656 


102831.344 




0.574 


0.594 


0.584 


0.482 


0.504 


5006.840 


CD)4d *D7/2 


(5D)4f2[4 


9/2 


83713.534 


103680.640 




-0.265 


-0.300 


-0.282 


-0.281 


-0.362 


5007.450 


(5D)4d *D9/2 


(5D)4f2[5 


11/2 


83726.367 


103691.045 




-0.390 


-0.390 


-0.390 


-0.382 


-0.460 


5010.061 


(5D)4d '*D9/2 


(5D)4f2[4 


9/2 


83726.367 


103680.640 




-0.693 


-0.710 


-0.701 


-0.808 


-0.694 


5011.026 


('D)4d ^T)g/2 


(^D)4f2[3 


7/2 


83726.367 


103676.798 




-1.165 


-1.185 


-1.175 


-1.177 


-1.183 


5022.419 


(^D)4d e''F3/2 


(^D)4f3[3 


5/2 


83459.674 


103364.847 




-0.142 


-0.162 


-0.152 


-0.052 


-0.072 


5026.798 


(5D)4d e«F7/2 


(5D)4f4[2 


5/2 


83136.462 


103024.293 




-0.287 


-0.257 


-0.272 


-0.235 


-0.444 


5030.631 


(5D)4d e«F9/2 


(^D)4f4[5 


9/2 


82978.668 


102851.345 




0.361 


0.401 


0.381 


0.428 


0.431 


5032.704 


(5D)4d «D5/2 


(5D)4f2[3 


7/2 


83812.304 


103676.798 




0.050 


0.060 


0.055 


0.143 


0.076 


5035.700 




(5D)4f4[5 


11/2 


82978.668 


102831.344 




0.557 


0.647 


0.602 


0.611 


0.632 


5036.713 


(5D)4d '^D5/2 


(5D)4f2[2 


5/2 


83812.304 


103660.987 




-0.546 


-0.546 


-0.546 


-0.527 


-0.565 


5045.108 


(5D)4d e''F7/2 


(5D)4f4[3 


5/2 


83136.462 


102952.122 




-0.150 


-0.130 


-0.140 


-0.116 


-0.002 


5060.249 


(5D)4d «P7/2 


(5D)4fO[3 


7/2 


84266.544 


104022.912 




-0.555 


-0.555 


-0.555 


-0.479 


-0.650 


5062.927 


('D)4d e%/2 


(5D)4f4[4 


9/2 


83136.462 


102882.375 




-0.906 


-0.906 


-0.906 


-1.166 


-1.113 


5067.890 


CD)4d eTs/j 


(''D)4f4[2 


3/2 


83308.195 


103034.770 




-0.249 


-0.219 


-0.234 


-0.173 


-0.078 


5070.583 


(5D)4d e''F5/2 


(5D)4f4[2 


5/2 


83308.195 


103024.293 




-0.914 


-0.914 


-0.914 


-0.865 


-1.674 


5070.895 


(5D)4d e«F7/2 


(5D)4f4[5 


9/2 


83136.462 


102851.345 




0.189 


0.249 


0.219 


0.262 


0.268 


5075.760 


(5D)4d '^Ps,2 


(5D)4fO[3 


7/2 


84326.918 


104022.912 




0.105 


0.150 


0.127 


0.233 


0.184 


5076.597 


CD)4d ^Dj,2 


(5D)4f3[2 


5/2 


83713.534 


103406.278 




-0.770 


-0.790 


-0.780 


-0.749 


-0.924 


5081.898 


CD)4d *D7/2 


(^D)4f3[3 


7/2 


83713.534 


103385.735 




-0.783 


-0.783 


-0.783 


-0.689 


-1.062 


5083.503 


(5D)4d e''F3/2 


(5D)4f4[l 


1/2 


83459.674 


103125.669 




-0.870 


-0.900 


-0.885 


-0.788 


-0.752 


5086.306 


(5D)4d «D3/2 


(5D)4f2[2 


3/2 


83990.059 


103645.211 




-0.470 


-0.470 


-0.470 


-0.472 


-0.419 


5089.214 


('D)4d e*F5/2 


(^D)4f4[3 


5/2 


83308.195 


102952.122 




-0.081 


-0.046 


-0.063 


-0.014 


0.013 


5093.783 


(5D)4d *D9/2 


(5D)4f4[5 


9/2 


83726.367 


103352.673 




-0.550 


-0.570 


-0.560 


-0.703 


-0.959 


5100.734 


(^D)4d ''D9/2 


(5D)4f4[5 


11/2 


83726.367 


103352.927 


0.671 








0.703 


0.718 


5117.032 


(^D)4d «Di/2 


(5D)4f2[l 


3/2 


84131.575 


103668.714 




-0.184 


-0.194 


-0.189 


-0.129 


-0.039 


5140.689 


(5D)4d «D3/2 


(5D)4f3[l 


1/2 


83990.059 


103437.280 




-0.639 


-0.674 


-0.656 


-0.822 


-1.190 


5143.875 


(5D)4d ''P7/2 


(5D)4f2[5 


9/2 


84266.544 


103701.729 




-0.206 


-0.178 


-0.192 


0.054 


-0.205 


5144.352 


CD)4d "Pi/i 


(''D)4f 1[2 


5/2 


84424.376 


103857.755 




0.162 


0.172 


0.167 


0.260 


0.307 


5149.465 


(5D)4d «P7/2 


(5D)4f2[4 


9/2 


84266.544 


103680.640 




0.319 


0.389 


0.354 


0.405 


0.553 


5180.312 


(5D)4d «D5/2 


(5D)4f4[l 


3/2 


83812.304 


103110.786 




-0.019 


0.010 


-0.004 


0.002 


-0.088 


5199.188 


('D)4d "^07/2 


(5D)4f4[3 


7/2 


83713.534 


102942.208 




0.082 


0.100 


0.091 


0.054 


0.122 


5200.798 


(5D)4d «D5/2 


(5D)4f4[2 


3/2 


83812.304 


103034.770 




-0.328 


-0.318 


-0.323 


-0.390 


-0.036 


5203.634 


(5D)4d «D5/2 


(5D)4f4[2 


5/2 


83812.304 


103024.293 




-0.073 


-0.049 


-0.061 


-0.088 


-0.115 


5218.841 


(5D)4d "09/2 


(5D)4f4[4 


9/2 


83726.367 


102882.375 




-0.160 


-0.115 


-0.137 


-0.250 


-0.165 


5219.920 


(5D)4d f^D5/2 


(5D)4fO[3 


7/2 


84870.864 


104022.912 




-0.590 


-0.590 


-0.590 


-0.628 


-0.550 


5222.350 


(5D)4d e^Gs/z 


(5D)4f 1[3 


5/2 


84844.819 


103987.951 




-0.355 


-0.355 


-0.355 


-0.332 


-0.281 


5223.802 


CD)4d *D7/2 


(5D)4f4[5 


9/2 


83713.534 


102851.345 




-0.486 


-0.476 


-0.481 


-0.546 


-0.506 


5224.404 


(5D)4d «D3/2 


(5D)4f4[l 


1/2 


83990.059 


103125.669 




-0.519 


-0.519 


-0.519 


-0.581 


-0.428 


5227.487 


(5D)4de6G„/2 


(5D)4f3[6 


13/2 


84296.833 


103421.165 


0.831 


0.806 


0.831 


0.818 


0.811 


0.846 


5237.949 


(5D)4d «P7/2 


(5D)4f3[5 


9/2 


84266.544 


103352.673 




0.035 


0.065 


0.050 


0.103 


0.104 


5245.455 


(5D)4d 6P5/2 


(5D)4f3[3 


7/2 


84326.918 


103385.735 




-0.504 


-0.494 


-0.499 


-0.502 


-0.543 


5247.956 


eD)4d e^Gs/z 


(5D)4f 1[3 


5/2 


84938.220 


103987.951 




0.316 


0.376 


0.346 


0.526 


0.550 


5251.225 


(5D)4de«G5/2 


(5D)4f 1[4 


7/2 


84844.819 


103882.692 




0.355 


0.405 


0.380 


0.475 


0.424 


5253.649 


(5D)4de«G„/2 


(5D)4f3[5 


11/2 


84296.833 


103325.927 


-0.191 


-0.121 


-0.121 


-0.121 


-0.104 


-0.133 


5257.119 


('D)4d f*D7/2 


(^D)4f2[5 


9/2 


84685.198 


103701.729 




-0.028 


-0.080 


-0.054 


-0.523 


0.156 


5260.254 


eD)4d e''Gi3/2 


(5D)4f4[7 


15/2 


84035.121 


103040.317 


1.090 








1.065 




5264.180 


(^D)4d e«G7/2 


(5D)4f2[5 


9/2 


84710.703 


103701.729 




0.267 


0.197 


0.232 


0.470 


0.297 


5265.985 


eD)4d e«Gi3/2 


(5D)4f4[7 


13/2 


84035.121 


103019.639 




-0.760 


-0.760 


-0.760 


-0.936 


-0.871 


5270.029 


(5D)4d e«G7/2 


(5D)4f2[4 


9/2 


84710.703 


103680.640 




-0.250 


-0.310 


-0.280 


-0.097 


-0.197 
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transition 










loggf 
















exp 


HR6000 


46 Aql 


Aver 


K09 


RU98 


5291.661 


(5D)4d e«G9/2 


(5D)4f3[6]„/2 


84527.758 


103420.158 




0.460 


0.510 


0.485 


0.561 


0.544 


5306.182 


('D)4d f*D5/2 


(5D)4f2[4]7/2 


84870.864 


103711.562 




-0.013 


0.012 


-0.001 


0.049 


0.044 


5315.083 


(5D)4d f*D3/2 


(5D)4fl[2]5/2 


85048.609 


103857.755 




-0.455 


-0.455 


-0.455 


-0.422 


-0.418 


5316.214 


(5D)4de''Gi3/2 


(5D)4f4[6]i3/2 


84035.121 


102840.269 


0.418 


0.378 


0.438 


0.356 


0.332 


0.340 


5318.055 


(5D)4d e*'G9/2 


(5D)4f3[4]9/2 


84527.758 


103326.396 




-0.136 


-0.111 


-0.123 


-0.177 


-0.226 


5339.592 


(5D)4de6Gn/2 


(5D)4f4[7],3/2 


84296.833 


103019.639 


0.568 


0.438 


0.518 


0.478 


0.516 


0.517 


5355.421 


('D)4d f*D7/2 


(5D)4f3[5]9/2 


84685.198 


103352.673 




-0.498 


-0.478 


-0.488 


-0.203 


-0.500 


5358.872 


(=^D)4d f D7/2 


(^D)4f3[4]7/2 


84685.198 


103340.652 




-0.426 


-0.406 


-0.416 


-0.130 


-0.609 


5359.237 


(^D)4d e«G7/2 


(5D)4f3[3]5/2 


84710.703 


103364.847 




-0.788 


-0.808 


-0.798 


-1.112 


-0.675 


5366.210 


(5D)4d e«G7/2 


(5D)4f3[4]7/2 


84710.703 


103340.652 




-0.265 


-0.300 


-0.282 


-0.549 


-0.196 


5387.064 


('D)4d e'^Gii/z 


(5D)4f3[6],3/2 


84863.334 


103421.165 


0.593 


0.479 


0.534 


0.506 


0.500 


0.499 


5395.855 


(5D)4d «S5/2 


(5D)4fO[3]7/2 


85495.318 


104022.912 




0.328 


0.398 


0.363 


0.415 


0.285 


5402.059 


(5D)4d e''G9/2 


(5D)4f2[5]„/2 


85184.725 


103691.045 




0.469 


0.502 


0.485 


0.472 


0.469 


5414.852 


(5D)4de'*G„/2 


(5D)4f3[5]„/2 


84863.334 


103325.927 


-0.258 


-0.274 


-0.268 


-0.271 


-0.326 


-0.324 


5429.987 


(5D)4d e*G7/2 


(5D)4fl[4]9/2 


85462.858 


103873.991 




0.350 


0.400 


0.375 


0.429 


0.427 


5444.386 


('D)4d «S5/2 


(5D)4fl[2]5/2 


85495.318 


103857.755 




-0.167 


-0.157 


-0.165 


-0.153 


-0.170 


5451.316 


(5D)4d f*D7/2 


(5D)4f4[2]5/2 


84685.198 


103024.293 




-0.753 


-0.793 


-0.773 


-0.756 


-0.649 


5465.932 


(5D)4d e4G5/2 


(^D)4fl[3]7/2 


85679.709 


103969.766 




0.331 


0.406 


0.368 


0.515 


0.348 


5472.855 


(5D)4d f*D7/2 


(5D)4f4[3]5/2 


84685.198 






-0.579 


-0.579 


-0.579 


-0.723 


-0.715 


5475.826 


(5D)4d f*D7/2 


(5D)4f4[3]7/2 


84685.198 


102942.208 




-0.225 


-0.200 


-0.212 


-0.129 


-0.080 


5482.307 


('D)4d e''G9/2 


(5D)4f3[6]„/2 


85184.725 


103420.158 




0.363 


0.455 


0.409 


0.393 


0.413 


5488.776 


(5D)4d e^G7/2 


(5D)4f2[3]7/2 


85462.858 


103676.798 




-0.440 


-0.420 


-0.430 


-0.468 


-0.397 


5492.398 


(5D)4d f*D7/2 


(5D)4f4[4]7/2 


84685.198 


102887.124 




-0.039 


-0.094 


-0.066 


-0.127 


-0.097 




(5D)4d f*D7/2 


(5D)4f4[4]9/2 


(54053. ly (5 


vKjLooL.D /j 




U. i4j 


0.228 


0.185 


U.ZJZ 




5502.670 


(5D)4d e'*G9/2 


(5D)4f3[5]9/2 


85184.725 


103352.673 




-0.114 


-0.094 


-0.104 


-0.179 


-0.192 


5506.199 


(5D)4de4G„/2 


(5D)4f4[7],3/2 


84863.334 


103019.639 


0.923 


0.923 


0.973 


0.948 


0.840 


0.859 


5510.783 


(5D)4d e^G9/2 


(5D)4f3[5]„/2 


85184.725 


103325.927 


0.043 


0.073 


0.093 


0.083 


0.049 


0.096 


5529.053 


(5D)4df*D5/2 


(5D)4f3[2]5/2 


84870.864 


102952.122 




-0.146 


-0.106 


-0.126 


-0.110 


-0.258 


5544.763 


(5D)4d e'^Gii/z 


(5D)4f4[6]n/2 


84863.334 


102893.377 




0.149 


0.129 


0.139 


0.130 


0.139 


5783.623 


(5D)4d e'*F7/2 


(5D)4f2[5]9/2 


86416.323 


103701.729 




0.241 


0.266 


0.253 


0.267 


0.365 


5885.015 


(5D)4d e''F3/2 


(5D)4f2[3]5/2 


86710.864 


103698.466 




0.158 


0.188 


0.173 


0.336 


0.298 


5902.825 


(5D)4de'*F7/2 


(5D)4f3[5]9/2 


86416.323 


103352.673 




0.346 


0.416 


0.381 


0.415 


0.416 


5955.698 


(5D)4de*F5/2 


(5D)4f3[3]7/2 


86599.744 


103385.735 




0.155 


0.205 


0.180 


0.234 


0.252 


5961.705 


('D)4d e'*F9/2 


(5D)4f4[6]„/2 


86124.301 


102893.377 




0.593 


0.742 


0.667 


0.685 


0.675 


5965.622 


(5D)4d e''F9/2 


(5D)4f4[4]9/2 


86124.301 


102882.375 




0.016 


0.096 


0.056 


0.091 


0.068 



of HR 6000 available at the Castelli web-site (footnote 2) are 
also present in the laboratory iron spectra. He therefore iden- 
tified several unknown features in the 4000-5500A interval of 
HR6000 as due to iron. These identifications are at different 
levels of completeness. In a few cases the transition is identi- 
fied only as Fe, in most cases as Fen, in some cases as Fen 
with both levels of the transition classified. 

5. ^. The 3df'{^H)4d - 3cff'H)4f transitions of Fe ii 

Most of the Fe n lines classified by S. Johansson are due to the 
(^H)4d-(^H)4f transitions. Their lower excitation potential is 
larger than 103800 cm"^ (12.87 eV) and upper excitation po- 
tential is of the order of 123000cm"' (15.25 eV), therefore 
close to the ionization limit of 130563 cm"' (16.19eV). 

In a preliminary work, Castelli et al. (2008) gave an ex- 
ample in HR6000 and 46Aql of four lines at 5176.711, 



5177.3896, 5177.7762, and 5 179.536 A identified for the first 
time as due to Fen (^H)4d-(^H)4f transitions. Only for two 
of them (5177.3896 and 5179.539 A) energies and terms were 
known for both levels, while for the other two (5176.711 and 
5 179. 536 A) the term of the upper level was unknown, except 
for the J quantum number. Further lines and energies indicated 
by S. Johansson are those marked with a "J" in Table 5. 

In order to complete and extend the number of the identifi- 
cations we proceeded as follows. We started from the "J" lines. 
Knowing the term, the energy of the lower level of a "J" line 
was determined either using the MIST database (footnote 4) or 
the Kurucz line lists (footnote 1). The particular (■'H)4d-(^H)4f 
transition was then searched among the Fen predicted lines 
available in the Kurucz database (version 2007). For this search 
the lower energy level and the J quantum number of the upper 
level were used as key. Once the predicted line corresponding 
to the new identified transition was fixed, the predicted energy 
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Fig. 5. Calculated log gfs (RU98) for (5D)4d-(5D)4f transi- 
tions of Fe n are compared with stellar log gfs. The horizontal 
dashed hne indicates the average difference. 



was replaced by the energy assigned by S. Johansson to the 
level. This substitution was made not only for the given line but 
also for all the hnes having that predicted level as their upper 
level. Then we compared the pattern of the computed log gf 
values to the pattern of stellar log gf values for those lines. 
If they were similar we accepted the identification. If not, we 
tried another match. In this way, thanks to the J lines, we fixed 
1 1 new energy levels together with all the transitions having a 
new level as upper level. In addition, we determined another 10 
new levels from predicted lines by searching in the spectrum 
unidentified lines with corresponding intensity and wavelength 
difl'erence as the predicted lines having log gf > 0.0 or a nega- 
tive log gf close to zero and arising from the same upper pre- 
dicted level. The observed wavelengths and the lower observed 
level were then used to fix the upper level of the transitions. 

Tables lists both the (^H)4d-(-'H)4f transitions originally 
identified by S. Johansson and those we derived from the above 
described procedure. The letter "J" is associated to the first 
group of lines, the letter "K" to the second group. Not all the 
lines listed in table 5 are observable in the spectra, so that stel- 
lar log gfs can not be assigned to all the lines. The last column 
of Table 5 lists lines observed in HR 6000 which were hsted as 
unidentified lines by CasteUi & Hubrig (2007). 

Fig. 6 compares stellar log gfs from HR6000 and 46 Aql. 
It is the analogous of Fig. 1, but for the (^H)4d-(^H)4f tran- 
sitions. The average difference, shown by the dashed line, is 
negligible, but the scatter is larger than that obtained for the 
(^D)4d-(^D)4f transitions. The reason is the very low intensity 
of some (^H)4d-(^H)4f transitions that makes the fitting of the 
profile rather problematic. As for the (^D)4d-(^D)4f transitions 
we assumed as stellar log gf the average of the value obtained 
from HR 6000 and 46 Aql, but we excluded the lines with stel- 
lar log gfs difl'ering more than 0.1 dex. Stellar log gfs for the 
two stars and the average are listed in Table 5. 

The stellar log gfs are compared with the calculated 
log gfs in Fig. 7. We excluded from this comparison the lines 



0.0 



-0.5 



T 1 1 r 



-| 1 1 1 1 1 1 1 1 r 

averCdlogf)=-0. 005*0.096 



X X< X 
XX X 



X 
X 



■■ ^ ■ :>oim - 



X xx X X X 
XX X >$< X 
X X X 

X 

XX X 



W « «< X 



-0.5 0.5 
loggf(HR 6000) 



1.5 



Fig. 6. Comparison of stellar log gfs from HR6000 and 
46 Aql for (^H)4d-(^H)4f transitions of Fen. The horizontal 
dashed line indicates the average diff'erence. 
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Fig. 7. The calculated log gfs (calc.) for CH)4-d-CH)4f tran- 
sitions of Fe II are compared with astrophysical log gfs ob- 
tained averaging stellar from HR6000 and 46 Aql. The hori- 
zontal dashed line indicates the average difference. 



at AA 5177.777 (-1.45), 5250.632 (-2.61), 5346.098 (-1.21), 

and 5420.234 (-1.76) A, for which the log gf difference be- 
tween computed and astrophysical log gfs, given in parenthe- 
sis, is larger than 1.0 dex. Their upper energies of the hnes 
are 122952.73, 123026.35, 123015.40, and 1 23251. 47 cm"', 
respectively. The most probably explanation for these large dis- 
crepancies is the presence of some additional unidentified com- 
ponent which contributes to the absorption, so that the stellar 
log ^/ is largely overestimated. The mean difi'erence between 
the two sets of data is -0.07 ± 0.22 dex, indicating that the 
stellar log gfs are, on average, larger than the computed ones. 
The differences for the individual lines increase with decreas- 
ing log gfs, namely with decreasing hne intensity. Weak hnes 
are more difficult to be fitted by the synthetic spectrum owing 
to the contribution of the noise and the non-negligible effect of 
the position for the continuum. 
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Table 5. Lines due to (^H)4d - i^¥l)4f transitions of Fen 



Upper level 


Lower level 


/l(calc) 




toggf 






/l(obs),Notes 


-1 

cm 


cm ' 




A 


HR6000 


46 Aql 


Aver 


calc. 




A 


122910.92 (^H)4f 6[ hs/i 


103617.58 


(^H)4d "Run 


5181.693 


— 


— 


— 


-3.314 


K 






103644.80 


(3H)4d''K„/2 


5189.014 








-3.086 


K 


blend 




103706.53 


(3H)4d "Kis/, 


^z.V./ J .\j y ^ 


+0.075 


+0.050 


+0.063 


-0.295 




S?0'S 714 

-Zz.Vy J .11^ 




103832.05 




5239.942 


+0.225 


+0.225 


+0.225 


+0.006 


K 


5239.948 




103878.37 


(3H)4d ''I15/2 


5252 695 


+0.070 


+0.070 


+0.070 


-0.138 




5252 702 




104064.67 


Caud "1,3,2 


5304.620 


-0.314 


-0.339 


-0.327 


-0.426 


K 


5304.60 




104119.71 


(3H)4d ^K,5/2 


5320.157 


+0.078 


+0.188 




+0.133 


K 


5320.18 




104315.37 


('H)4d 2Ki3/2 


5376.136 


+0.253 


+0.253 


+0.253 


+0.112 


K 


5376.12 




104622.30 


(3H)4d 21,3/2 


5466.362 


+0.614 


+0.614 


+0.614 


+0.713 


K 


5466.38 


122952.73 CH)4i 6[9]i7/2 


103644.80 


CU)4d ''K17/2 


5111.111 


+0.513 


+0.513 


+0.513 


-0.933 


J 


5177.77 




103706.53 


(3H)4d *Ki5,2 


5194.384 


+0.724 


+0.780 


+0.752 


+0.745 


J 


5194.387 




103878.37 


('H)4d '•I15/2 


5241.181 


+0.655 


+0.695 


+0.675 


+0.556 


J 


5241.183 




104119.71 


(^H)4d 2K,5/2 


5308.346 


+0.500 


+0.520 


+0.510 


+0.599 


J 


5308.35 


122954.18 (3H)4f 6[9]i9/2 


103644.80 


(3H)4d ''K,7,2 


5177.388 


+1.183 


+1.253 


+1.218 


+1.166 


J 


5177.394 


122990.62 (3H)4f 6[]i3/2 


103600.43 


(3H)4d*G„/2 


5155.811 


— 


— 


— 


-3.353 


K 






103617.58 


(3H)4d''Hi3/2 


5160.375 


— 






-1.722 


K 






103706.53 


(3H)4d ''K,5,2 


"il 84 178 

J 1 trr. 1/0 








-1 090 








103751.66 


('H)4d '♦Hi,,, 


5196.339 


+0.114 


+0.044 


+0.079 


-0.134 


K 


5196.345 




103832.05 


('H)4d *Ki3,9 


5218.143 


+0.100 


+0.100 


+0.100 


-0.044 


J 


5218.149 




103878.37 


(3H)4d*li5,2 


5230.790 


-1.200 


-0.900 




-1.233 


K 


very weak 




103973.78 


(3H)4d''K|,,2 


5257.034 


— 






-0.894 


K 






104064.67 


(^H)4d "1,3,2 


5282.281 


-0.704 


-0.604 


-0.654 


-1.118 


K 






104119.71 


('H)4d 2Ki5,2 

\ / U/Z 


5297.687 


-1.327 


-1.327 


-1.327 


-0.953 


K 


very weak 




104174.27 


(3H)4d "1,1,2 


5313.049 


— 






-0.987 


K 






104315.37 


(3H)4d 2K,3,2 


5353.192 


+0.148 


+0.068 


+0.108 


+0.205 


K 


blend, 5353.251 




104622.30 


(3H)4d 21,3,2 

V / u/z 


5442.643 


+0.130 


+0.075 


+0.103 


+0.070 


J 


5442.65 




104765.45 


(3H)4d 2lii,2 

V / 11/Z 


5485.393 


-0.187 


-0.187 


-0.187 


+0.150 


K 


5485.40 




106045.69 


(3H)4d 2h,,,2 

\ / ^ -*-*ll/Z 


5899.835 


+0.348 


+0.348 


+0.348 


+0.250 


K 


5899.82 


123002.28 (3H)4f 6[ hi/2 


103600.43 


(3H)4d"G,,,2 

V / ^^11/Z 


5152.712 


+0.616 


+0.616 


+0.616 


+0.639 


K 


5152.70 




103617.58 


(3H)4d "Hi3,, 


5157.271 


— 






+0.383 


K 


blend 




103751.66 


(3H)4d*Hii,2 


5193.192 


-0.767 


-0.767: 


-0.161 


-0.444 


K 


weak 




103771.32 


('H)4d "Gn,2 


5198.501 


<-1.030 


<- 1.230 




-1.357 


K 






103832.05 


(^H)4d "Ki3,2 


5214.970 


— 






-2.624 


K 






103874.26 


(3H)4d "H9,2 

\ / / z 


5226.478 


— 






-2.790 


K 






103973.78 


(3H)4d"K||,2 

\ / ll/Z 


5253.813 


— 






-4.096 


K 






104064.67 


(3H)4d "1,3,2 


5279.028 


— 






-2.424 


K 






104174.27 


(3H)4d "1,1,2 

\ / " 11/Z 


5309.759 


— 






-2.421 


K 






104192.48 


(2H)4d "Iq,2 

\ / y/z 


5314.899 


— 






-4.098 


K 






104315.37 


(3H)4d 2K,3/2 


5397.852 


— 







-3.473 


K 






104622.30 


(3H)4d 21,3/2 


5439.191 


— 






-3.967 


K 






104765.45 


eH)4d 21,1/2 


5481.886 


-1.264 


-0.864 




-1.294 


K 


very weak 




104807.21 


('H)4d 2G9/2 


5494.468 


-0.923 


-0.723 




-1.632 


K 


very weak 




104916.55 


(3H)4d"F9/2 


5527.868 


-1.031 


-1.031 


-1.031 


-0.962 


K 


very weak 




105063.55 


(3F)4d"G,i/2 


5572.983 


-0.650 


-0.550 


-0.600 


-0.753 


K 






105155.09 


('F)4d "F9/2 


5601.568 








-2.044 


K 






105288.85 


(3F)4d"H,3/2 


5643.867 








-1.416 


K 






105398.85 


(3F)4d"H,i/2 


5679.136 








-2.876 


K 






105524.46 


(3F)4d"H9/2 


5719.951 








-4.454 


K 






105763.27 


(3F)4d2H„/2 


5799.189 








-1.904 


K 






106018.64 


(3F)4d 2H9/2 


5886.389 








-6.492 


K 






106045.69 


(3H)4d 2Hi,/2 


5895.778 








-1.550 


K 






106097.52 


(3H)4d 2H9/2 


5913.855 








-2.902 


K 





123007.91 f^TTw 6r81,7/, 103644.80 (^W^AA^^i^-, 5163.021 +0.571 +0.581 +0.576 +0.495 .1 5163.00 
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Upper level 


Lower level 


/l(calc) 




loggf 








/l(obs),Notes 


-1 

cm 


cm ' 




A 


11R6000 


46 Aql 


Aver 


calc. 




A 


123015.40 (3H)4f 6O13/2 


103600.43 


(^H)4d''Gii/2 


5149.230 


+ 0.485 


+0.455 


+0.470 


+0.400 


J 


5149.25 




103617.58 


(3H)4d ^Hi3/2 


5153.783 


+ 0.684 


+0.704 


+0.694 


+0.764 


J 


5153.78 




103706.53 


(3H)4d '*Ki5,2 


.Jill 








-0.318 








103751.66 


(3H)4d*Hii/2 


5189.655 


— 


— 


— 


-0.576 


K 






103832.05 


(^H)4d*Kii,2 


5211.403 


< -1.238 


— 


— 


-2.671 


K 






103878.37 


(3H)4d *li5/2 


5224.017 


-0.102 


-0.102 


-0.102 


-0.146 


J 


5224.025 




103973.78 


(^H)4d*Kii/2 


5250.193 


— 


— 


— 


-3.971 


K 






104064.67 


CW)AA *li3/2 


5275.373 


— 


— 


— 


-1.672 


K 






104119.71 


(3H)4d 2Ki5,2 


5290.740 


-0.902 


-0.902 


-0.902 


-1.303 


K 


5290.730 




104174.27 


(^H)4d "111/2 


5306.061 


— 


— 


— 


-2.648 


K 






104315.37 


(3H)4d 2Ki3/2 


5346.098 


-0.750 


-0.750 


-0.750 


-1.957 


K 






104622.30 


(3H)4d 2I13/2 


5435.311 


— 


— 


— 


-2.414 


K 






104765.45 


(3H)4d2lu/2 


"^477 04'^ 
/ / .y^j 








-1.272 








106045.69 


(^H)4d ^Hii/2 


5891.220 


— 


— 


— 


-1.347 


K 




123018.43 (3H)4f 6[]i5/2 


103617.58 


('H)4d ''H13/2 


5152.978 


+0.687 


+0.697 


+0.692 


+0.763 


J 


5152.98 




103644.80 


('H)4d ''K17/2 


5160.218 


-0.235 


-0.235 


-0.235 


-0.357 


K 


5160.2 




103706.53 


(3H)4d *Ki5„ 

V / U/Z 


5176.713 


+0.440 


+0.440 


+0.440 


+0.385 


J 


5176.72 




103832.05 


(^H)4d "Kno 


5210.580 


— 


— 


— 


-1.050 


K 






103878.37 


('H)4d ''I15/2 


5223.190 


+0.487 


+0.487 


+0.487 


+0.427 


K 


blend 




104064.67 


(3H)4d ''1,3/2 


5274.530 


-1.193 


-1.043 


— 


-1.138 


K 


very weak 




104119.71 


(3H)4d 2K,5/2 


5289.892 


-0.656 


-0.656 


-0.656 


-0.923 


K 


5289.899 




104315.37 


(3H)4d 2Ki3/2 


5345.232 


— 


— 


— 


-2.411 


K 






104622.30 


(3H)4d2ll3/2 


5434.415 


— 


— 


— 


-1.487 


K 




123026.35 (3H)4f 6[]9/2 


103600.43 


(3H)4d''GM/2 

\ / 1 1 / z 


5146.326 


— 


— 


— 


-4.447 


K 






103751.66 


(3H)4d''Hi,/2 


5186.706 


-0.120 


-0.184 


-0.152 


-0.149 


J 


5186.722 




103771.32 


(^H)4d ''Gq/2 


5192.002 


+0.080 


+0.080 


+0.080 


+0.066 


J 


5192.010 




103814.55 


(3H)4d'*G7/2 


5203.685 


— 


— 


— 


-2.154 


K 






1UjS/4.2o 


(■^J-l)4a rl9/2 


5219.909 


-0.455: 


-0.455: 


-0.455 


-0.440 


K 


blend 




103973.78 


(3H)4d"K„/2 


5247.175 








-3.791 


K 






103986.33 


eH)4d"G7/2 


5250.632 


-0.300 


-0.300 ? 


-0.300 


-2.907 


K 


5250.609 




104174.27 


(3H)4d"lll/2 


5302.979 








-2.785 


K 






104192.48 


(3H)4d"l9/2 


5308.106 








-2.122 


K 






104481.59 


(3H)4d2F7/2 


5390.860 








-1.070 


K 






104765.45 


(3H)4d4lu/2 


5474.660 








-1.961 


K 






104807.21 


(3H)4d 2G9/2 


5487.209 


+0.334 


+0.334 


+0.334 


+0.348 


J 


5497.21 




104916.55 


(3H)4d'*F9/2 


5520.339 


-1.500 


<-1.50 




-1.382 


K 






105123.00 


(3H)4d 2G7/2 


5583.996 








-3.472 


K 






105220.60 


(3H)4d ''F9/2 


5614.605 








-1.910 


K 






106045.69 


(3H)4d2H„/2 


5887.421 


-0.260 


-0.172 


-0.216 


-0.132 


K 


5887.42 




106097.52 


(3H)4d2H9/2 


5905.446 








-0.710 


K 





123037.43 (3H)4f 6[] 



11/2 



103600.43 
103617.58 
103751.66 
103771.32 
103832.05 
103874.26 
103973.78 
104064.67 
104174.27 
104192.48 
104315.37 
104622.30 
104765.45 
104807.21 
104916.55 



'H)4d 
^^H)4d 
3H)4d 
3H)4d 
3H)4d 
^^H)4d 
3H)4d 
3H)4d 
3H)4d 
3H)4d 
3H)4d 
3H)4d 
3H)4d 
3H)4d 
^HWd 



G,,/2 


5143.394 






H13/2 


5147.936 






Hll/2 


5183.727 


+0.303 


+0.303 


IJ9/2 


5189.016 


-0.070 


-0.070 


K13/2 


5205.425 


-0.394 


-0.594 


H9/2 


5216.891 






Kll/2 


5244.125 






T 

il3/2 


5269.248 


-0.698 


noise 


T 

ill/2 


5299.864 






T 

1-9/2 


5304.985 






K13/2 


5339.807 


-0.633 


-0.533 


T 

m/2 


5428.808 


-0.479 


-0.379 


T 

I1I/2 


5471.340 


-0.994 




G9/2 


5483.874 


+0.096 


+0.171 


ran 


5516.963 


<-2.00 


<-2.00 



+0.303 
-0.070 



-0.583 
-0.429 

+0.134 



-1.365 


K 




-2.244 


K 




+0.240 


K 


5183.713 


-0.190 


K 


5189.013 


-0.552 


K 


5205.427 


-0.463 


K 




-1.886 


K 




-0.828 


K 


5269.235 


-1.744 


K 




-2.176 


K 




-0.768 


K 


very weak 


-0.387 


K 


5288.8 


-0.906 


K 


very weak 


+0.120 


K 


5483.85 


-1.760 


K 


not obs 
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Table 5. cont. 



Upper level 


Lower level 


/l(calc) 




/oggf 






/l(obs),Notes 


-1 

cm 


cm ' 




A 


T Tn /' f\r\r\ 

HR 6000 


46 Aql 


Aver 


calc. 




A 


123168.68 (^H)4f 5[]i3/2 


103600.43 


eH)4d''G,,/2 


5108.895 


-1.234 


-1.234 


-1.234 


-0.921 


K 


weak,noise 




103617.58 


(3H)4d^H,3/2 


5113.377 


— 






-2.499 


K 






103706.53 


('H)4d ''K15/2 


"snfi 747 








-1.281 




blend 




103751.66 


('H)4d '*Hii/2 


5148.687 


-0.033 


-0.083 


-0.058 


+0.020 


K 


5148.7 




103832.05 


(3H)4d '*Kii/2 


5170.092 


— 






-1.042 


K 


5170.1,blend 




103878.37 


(3H)4d %sn 


5182.507 


— 






-1.516 


K 






103973.78 


CH)4d %i/2 


5208.267 


+0.136 


+0.136 


+0.136 


-0.286 


K 


5208.268 




104064.67 


('H)4d''li3/, 


5233.046 


+0.215 


+0.215 


+0.215 


+0.122 


K 


5233.041 




104119.71 


CH)4d ^Kisn 


5248.167 


— 






-2.450 


K 






104174.27 


CYMA %ii2 


5263.242 


-0.320 


-0.320 


-0.320 


-0.689 


K 






104315.37 


(3H)4d2K,3/2 


5302.633 


— 






-0.553 


K 


blend 




104622.30 


(3H)4d Hnii 


5390.389 


-0.405 


-0.405 


-0.405 


+0.021 


K 


5390.38 




104765.45 


(^'a)4dHnii 






+0.530 


+0.530 




Yi 






106045.69 


(3H)4d ^Hii/2 


5838.483 


-0.547 


-0.547 


-0.547 


-0.332 


K 


weak,noise 


123193.09 ('H)4f 5[]i5/2 


103617.58 


(3H)4d'*Hi3/2 


5107.001 


-0.985 


-1.085 


-1.035 


-1.475 


K 


very weak 




103644.80 


(3H)4d^Ki7/2 


5114.112 








-2.416 


K 






103706.53 


('H)4d "^Kiso 

\ / iJ/Z 




-0.300 


-0.450 




-0.493 




5130.3 




103832.05 


(^H)4d "^Kno 


5163.574 


+0.779 


+0.850 


+0.815 


+0.896 


J 


5163.5 




103878.37 


(3H)4d *Ii5/2 


5175.957 


-0.429 


-0.630 




-0.465 


K 


5175.95 




104064.67 


('H)4d''l|3/2 


5226.368 


+0.397 


+0.360 


+0.379 


-0.211 


J 


5226.367 




104119.71 


('H)4d ^K,5/2 


5241.450 


-0.100 


-0.150 


-0.125 


-0.359 


J 


5241.465 




104315.37 


(3H)4d 2K|3/2 


5295.776 


-0.538 


<-0.588 




-0.334 


K 


5295.773 




104622.30 


(3H)4d ^1,3/2 


5383.304 


+0.401 


+0.370 


+0.386 


+0.157 


K 


5383.32 


123219.199 (3H)4f 5[8]i7/2 


103644.80 


(3H)4d4Kn/2 


5107.290 


— 


— 


— 


-0.997 


K 


weak,blend 




103706.53 


(3H)4d^Ki5/2 


5123.448 


+0.322 


+0.332 


+0.330 


+0.390 


K 


5123.45 




103878.37 


(3H)4d '*Ii5/2 


5168 969 








+0.201 




blend 




104119.71 


(3H)4d '*Ki5/2 


5234.285 


+0.967 


1.067 


+1.017 


+0.959 


K 


5234.283 


123238.44 CR)4f 5[]i5/2 


103617.58 


(3H)4d ''H13/2 


5095.196 


-0.728 


-0.878 




-0.884 


K 


very weak,blend 




103644.80 


(3H)4d '*K,7/2 


5102.275 


— 






-2.988 


K 






103706.53 


(3H)4d *Ki5/2 


5118.401 


-0.270 


-0.270 


-0.270 


-0.239 


J 


5118.404 




103832.05 


('H)4d '^Kno 


5151.507 


-0.059 


-0.059: 


-0.059 


-0.608 


K 


5151.52,blend 




103878.37 


(3H)4d ''Ii5,2 

\ / u/z 


5163.831 


-0.626 


-0.626 


-0.626 


-0.495 


K 


5163.82 




104064.67 


(3H)4d '*Ii3,2 


5214.007 


+0.650 


+0.795 




+0.868 


K 


5214.96,blend 




104119.71 


(^H)4d ^Ki5/2 

\ / ^ U/Z 


5229.017 


+0.065 


+0.015 


+0.040 


-0.096 


J 


5229.038 




104315.37 


(3H)4d 2Ki3/2 

V y 1 J/ Z 


5283.085 


+0.343 


+0.313 


+0.328 


+0.323 


J 


5283.093 




104622.30 


(3H)4d 21,3,2 


5370.189 


— 






-1.820 


K 




123249.65 CR)4f 5[]i3/2 


103600.43 


(3H)4d^Gu/2 


5087.842 


-0.496 


-0.496 


-0.496 


-0.402 


J 


5087.85 




103617.58 


(3H)4d*Hi3/2 


5092.287 


-2.477 






-3.143 


K 


very weak 




103706.53 


(3H)4d*Ki5/2 


5115.465 


-0.950 


-1.015 


-0.983 


-1.004 


K 


5115.5 




103751.66 


(3H)4d4Hn/2 


5127.305 


+0.450: 


+0.450 


+0.450 


+0.360 


J 


5127.32, blend 




103832.05 


(3H)4d''K,3/2 


5148.533 


+0.300 


+0.353 


+0.326 


+0.361 


J 


5148.52 




103878.37 


('H)4d^Il5/2 


5160.844 








-1.782 


K 






103973.78 


(3H)4d^Ku/2 


5186.389 


+0.060 


+0.100 


+0.080 


+0.226 


J 


5186.396 




104064.67 


(3H)4d^Il3/2 


5210.960 


-0.280 


-0.320 


-0.300 


-0.425 


K 


5210.964 




104119.71 


(3H)4d2K,5/2 


5225.953 








-0.776 


K 






104174.27 


(3H)4d4ln/2 


5240.901 


-0.550 


-0.500 


-0.525 


-0.474 


K 


5240.911 




104315.37 


(3H)4d 2Ki3/2 


5279.957 


-0.350 


-0.400 


-0.375 


-0.737 


K 


blend 




104622.30 


(3H)4d 2I13/2 


5366.958 


+0.143 


+0.093 


+0.118 


+0.040 


J 


5366.95 




104765.45 


(3H)4d 2l„/2 


5408.522 








-2.264 


K 






106045.69 


eH)4d2Hn/2 


5811.004 


+0.050 


bad sp. 




-0.189 


K 


5811.00 
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Upper level 


Lower level 


/l(calc) 




log 








/l(obs),Notes 


-1 

cm 


cm ' 




A 


HR6000 


46 Aql 


Aver 


calc. 




A 


123251.47 (3H)4f 5[]„/2 


103600.43 


(^H)4d''Giip 


5087.371 


— 


— 


— 


-1.402 


K 






103617.58 


('H)4d "His/, 


5091.815 


— 


-1.000 


— 


-2.881 


K 


blend 




103751.66 


(3H)4d*Hii,2 


5126.827 


+0.185 


+0.085 


+0.135 


-0.224 


J 


5126.84, bl 




103771.32 


(3H)4d *G9/2 


5132.001 


+0.180 


+0.150 


+0.165 


+0.097 


J 


5132.0 




103832.05 


(3H)4d *Ki3/2 


5148.050 








-2.123 


K 


very weak 




103874.26 


CH)4d *H5/2 


5159 965 


+0.140 


+0.140 


+0.140 


+0.005 


J 


5159.29 




103973.78 


(^H)4d*Ku/2 


5185.899 


+0.080 


+0.080 


+0.080 


+0.065 


J 


5185.901 




104064.67 


(^H)4d*ln/2 


5210.466 


— 


— 


— 


-0.582 


K 


5210.546,blend 




104174.27 


(3H)4d "1,1/2 


5240.401 


-0.100 


-0.200 


-0.150 


-0.207 


J 


5240.405 




104192.48 


(^H)4d "19/2 


5245.408 


— 


— 


— 


-1.056 


K 






104315.37 


('H)4d 2Ki3/2 


5279.449 


-0.850 


-0.850 


-0.850 


-1.299 


K 


weak 




104622.30 




5366.433 


-1.000 


-1.250 


— 


-3.032 


K 


very weak 




104765.45 


(^H)4d^lu/2 


5407.990 


+0.040 


+0.040 


+0.040 


+0.035 


J 


5407.99 




104807.21 


(^H)4d ^Gq;2 


5420.234 


-0.750 


-0.750 


-0.750 


-2.508 


K 


blend 




104916.55 


('H)4d ''Fg,2 


5452.558 


-0.500 


-0.500 


-0.500 


-0.785 


K 


5452.55 




106045.69 


('H)4d 2Hii/2 


5810.389 


bad sp. 


-0.500 


— 


-1.336 


K 


blend 




106097.52 


('H)4d ^Hn,2 


5827.945 


+0.190 


+0.190 


+0.190 


+0.037 


K 


5827.95 


123258.99 (3H)4f 5[]9/2 


103600.43 


('H)4d "011/2 


5085.425 


-1.369 


— 


— 


-1.127 


K 


weak,noise 




103751.66 


('H)4d"Hii/2 


5124.850 


+0.043 


+0.043 


+0.043 


+0.037 


K 


5124.82 




103771.32 


(3H)4d "On/, 


5130.020 


+0.287 


+0.287 


+0.287 


+0.257 


K 


5130.0 




103814.55 


(3H)4d "G7/2 


5141.426 


— 


— 


— 


-3.748 


K 






103874.26 


(3H)4d "H9/2 


5157.263 


— 


— 


— 


-0.606 


K 


blend 




103973.78 


(3H)4d"Kii/2 


518^ 877 








-2.156 








103986.33 


('H)4d "H7/2 


5187.253 


— 


— 


— 


-4.544 


K 






104174.27 


(3H)4d "111/2 


5238.336 


— 


— 


— 


-4.551 


K 






104192.48 


(3H)4d "I9/2 

\ / V/Z 


5243.339 


— 


— 


— 


-3.145 


K 






104481.59 


(3H)4d 2F7/2 


5324.070 


-0.548 


-0.648 


-0.598 


-0.588 


K 


weak,blend 




104765.45 


(3H)4d2lii/2 

V / li/Z 


5405.791 


— 


— 


— 


-2.078 


K 






104807.21 


(3H)4d 2G9/2 


5418.025 


+0.001 


-0.241 


— 


-0.061 


K 


blend 




104916.55 


(^H)4d "Fn/2 


5450.323 


-0.471 


-0.521 


-0.496 


-0.373 


K 






105123.00 


(^H)4d 2G7/2 


5512.367 


-0.917 


<-0.917 


— 


-1.134 


K 






105220.60 


(3H)4d "F7/2 


5542.193 


— 


— 


— 


-1.725 


K 






106045.69 


('H)4d 2Hii/9 


5807.851 


-0.226 


-0.126 


-0.176 


-0.455 


K 






106097.52 


(3H)4d 2Hn/2 

V / V/Z 


5825.392 


— 


— 


— 


-0.790 


K 




123270.34 (3H)4f 5[]ii/2 


103600.43 


(^H)4d"Gii/2 


5082.492 


-1.101 


-0.801 


— 


-0.654 


K 


blend 




103617.58 


(3H)4d "H13/2 


5086.927 


— 


— 


— 


-2.184 


K 






103751.66 


('H)4d "H||„ 


5121.871 


+0.375 


+0.375 


+0.375 


+0.348 


K 


5121.89 




103771.32 


(3H)4d "G9/2 


5127.035 


-0.458 


-0.478 


-0.468 


-0.587 


K 






103832.05 


(3H)4d"Kii/2 


5143.054 


-0.459 


-0.459 


-0.459 


-0.450 


K 






103874.26 


(3H)4d "H9/2 




+0.133 


+0.133 


+0.133 


+0.130 




5154.25 




103973.78 


('H)4d"Kii,2 


5180.829 


-0.217 


-0.217 


-0.217 


-0.491 


K 






104064.67 


(^H)4d "1,3/2 


5205.347 


-1.188 


-0.888 


— 


-0.854 


K 






104174.27 


(3H)4d"l„/2 


5235.223 


-0.372 


-0.372 


-0.372 


-0.537 


K 


5235.225 




104192.48 


(3H)4d "I9/2 


5240.220 








-1.237 


K 






104315.37 


(3H)4d 2Ki3/2 


5274.195 








-1.382 


K 






104622.30 


(3H)4d 2I13/2 


5361.004 


-0.438 


-0.288 




-0.419 


K 






104765.45 


(3H)4d 21,1/2 


5402.476 








-1.619 


K 






104807.21 


(3H)4d 2G9/2 


5414.696 


-0.192 


-0.152 


-0.172 


-0.156 


K 


blend 




104916.55 


(3H)4d "F9/2 


5446.953 


-0.709 


-0.909 




-0.733 


K 






106045.69 


(3H)4d2Hii/2 


5804.025 


+0.022 


-0.028 


-0.003 


-0.041 


K 


5804.02 




106097.52 


(3H)4d 2H9/2 


5821.543 








-3.123 


K 




123355.49 (3H)4f 4[]i3/2 


103600.43 


(3H)4d"Gii/2 


5060.583 








-1.129 


K 






103617.58 


(3H)4d"Hi3/2 


5064.980 








-3.032 


K 






103706.53 


(3H)4d "K15/2 


5087.910 








-1.855 


K 





103751.66 



'HUd "H, , „ 5099.623 -0.28 1 



-0.481 



-0.381 



-0.218 K 5099.6 
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Upper level 


Lower level 


/l(calc) 




IO8 


»f 






/l(obs), Notes 


cm"' 


cm ' 




A 


HR6000 
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Fig. 8. Comparison of the UVES spectrum of HR6000 with a synthetic spectrum computed after this study (upper plot) and 
before this study (lower plot). The black line is the observed spectrum, the red Une is the synthetic spectrum. Nine Fe n lines 
corresponding to (^H)4d - (^H)4f new identified transitions are marked in the upper plot. Their calculated log gf's were used 
for the synthetic spectrum. 



5.2. More new Fe ii identified lines 

There are a few other lines not belonging to the (^H)4d-(-'H)4f 
transitions that were identified by S. Johansson in HR6000. 
They are indicated with a "J" in Table 6. The lines marked with 
a "K" were then obtained from predicted lines^ thanks to the 
coincidence of the term of the upper predicted level with the 
term of a "J" line. Table 6 shows that we fixed 2 new (^D)6d 
levels. Some computed log gf's are much weaker than the stel- 
lar ones. Probably, some unknown transition is the main com- 
ponent of the observed lines so that the stellar log g/'s are not 
reUable values. 

6. Conclusions 

Figure 8 compares synthetic spectra for HR 6000 computed be- 
fore and after the study presented in this paper. The interval 
plotted in the figure is a significant example of the whole 5 100- 
5400 A region. It shows that as many as nine new Fe n lines 
have been identified in 10 A range. Nevertheless, there are still 

* http://kurucz.harvard.edu/atmos/2601/gf2601 .linesOSOO 
' http://k;urucz.harvard.edu/atmos/2601/gf2601.1ines0600 



several unidentified absorptions that are probably due to Fe ii 
whose levels have still to be fixed. A very similar plot was ob- 
tained for 46 Aql. We can infer that a large part of the uniden- 
tified lines observed in the spectra of B-type stars are due to 
unknown high-excitation Fe ii transitions. 

The new lines identified in this paper correspond to high 
excitation transitions of Feii with upper level just below the 
ionization limit. We have fixed 21 new levels of Fe ii with ener- 
gies between 122910.9cm"' and 123441.1cm"' and we have 
added 1700 Hnes to the Fe n lineUst in the range 810 -1501 1 A. 
Furthermore, Johansson (2009) identified in the spectrum of 
HR 6000 other Fe ii lines with lower level near the ionization 
Umit and upper level above it, the multiplet 4s4d^D - 4s4f^F at 
4410A. 

Among the new identified high-excitation Fe ii lines, sev- 
eral have residual flux in HR6000 and 46 Aql as deep as 0.7 
and numerous other can be observed as weak absorptions or 
part of blends. The two stars are iron overabundant stars, but 
these lines are present with lower intensity also in the UVES 
spectrum of HD 175640, a B-type peculiar star with an iron 
underabundance of -0.25 dex in respect to the sun (Castelli 
& Hubrig 2004). This fact implies that Fen lines from the 
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new high excitation levels contribute to the spectrum of all 
Population I late B-type stars even when their abundance is less 
than solar. The lines are clearly observable in high resolution, 
high signal-to-noise spectra of slow rotating stars, while they 
contribute to the broad observed features in B-type stars with 
high rotational velocities. In general, they would appear in any 
object with strong Fe ii lines. 

We conclude that we have clarified the nature of several 
unidentified lines observed in the optical spectra of B-type stars 
and mostly concentrated in the 5000-5400 A region (see also 
Wahlgren et al. 2000), but that a large amount of work has still 
to be done to well reproduce stellar observations. More than 
1000 energy levels of Feii are known, but we have seen that 
they are not enough. Ignorance of them and of the involved 
transitions is still a surviving shortcoming affecting the model 
atmosphere and synthetic spectra computations. 
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Appendix A: The Balmer lines of I-IR6000 
observed on the UVES spectra 

Figure A. 1 shows the UVES spectra of HR6000 reduced 
by the UVES pipeline^ Data Reduction Software (ver- 
sion 2.5; Ballester et al. 2000) that were used by Castelli 
& Hubrig (2007) and also in this paper All spectra 
are FLUXCAL_ SCIENCE products. Those at AA 3290- 
4520 A and 4780-5650 A are flux-calibrated spectra in 
10"'^ ergs"' cm"- A ' corrected for terrestrial extinction. The 
red spectrum at 5730-7560A is in non-physical units 'quasi- 
ADU' in that the flux calibration procedure is not implemented 
in the reduction software for the REDL and REDU data taken 
with the red mosaic CCD's. The rather impressive distorsions 
of the UVES spectra make evident the difficulty in drawing a 
true continuum over Hy and Hg. Also the use of produces 
troubles due to the position of this line at the left end of the 
spectrum order. Only H„ does not show manifest problems. 

Computed spectra from the final ATLAS 12 model 
([13450,4.3], Sect. 2.2) are also plotted in Fig. A.l in order to 
show the different slopes of the observed and computed con- 
tinua. The computed fluxes were scaled by a given arbitrary 
quantity to be roughly overimposed on the UVES spectra. 

Appendix B: Lines used for the abundance 
analysis 

Table B.l lists the lines that were examined in the spectra of 
HR6000 and 46 Aql in order to derive the stellar abundances. 
The wording "not obs" is given for lines not present in the 
spectra, while the wordings "profile" and "blend" are given for 
lines well observed in the spectra, but which do not have mea- 
surable equivalent widths either because they are too weak to 
be measurable or because other components aff'ects the line. 
These wording also indicate lines for which adequate equiv- 
alent widths can not be computed as in the cases of Mgii at 
448 1 A and of most O i lines which are blends of transitions 
belonging to the same multiplet. The abundances from the final 
ATLAS 12 models derived from the equivalent widths or from 
the profiles are given in the Table, as well as upper abundance 
limits from lines not observed, but predicted for solar abun- 
dance by the synthetic spectrum. For Fe i and Fe ii, log g/'s 
were taken from Fuhr & Wiese (2006) (FW06) when available. 
Otherwise Kurucz's last detrmination was adopted (Kurucz, 
2009), except for Fen at 5257. 119 A. In this case the previ- 
ous values (Kurucz, 2007) produces synthetic profiles in better 
agreement with the observations. 



http://www.eso.org/ 
observing/dfo/quality/UVES/pipeline/pipe_ reduc.html 
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Table B.l. Analyzed lines in the stellar spectra, measured equivalent widths in mA, and relative abundances.He i is not included. 
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C CO 

O.DZ 
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OOoZO. lOU 


not obs 
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O.D 
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2 4 
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Pn 


/1 1 97 ^f^Q 

"iiz / .ooy 
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u. 1 lU 


K KP 


1 nqRR7 8Rn 

lUoOD 1 .oou 


25 2 


4 ^4 


q 
y.o 


^ 21 


Pn 


A 1 fin RO^ 


n /11 n 

U.41U 


K KP 


1 n'^^'^Q 1 /in 
luoooy . 14U 


A 
y .4 


/J nn 

4.yu 


7 R 
/ .0 


c nq 

o.uo 


Pn 


AOAA R99 
^Z^'i.DZZ 


n '?ns 

U.OUo 


IV, iVllxlj 


1 n7Tfin 9f^n 

lU / oDU.ZOU 


Q R 

y .D 


4 


2 fj 


c Ad 

0.4D 


Pii 
II 


4l:Zoo.DUD 


— 0.630 


IV.IVllxO 


1 n 1 i^on 
lUiooo.oyu 


7.0 


— 4.88 


blend 




Pn 


4420.712 


—0.329 


NIST3 


88893.220 


40.1 


—4.51 


19.4 


-5.18 


Pn 


4452.472 


-0.194 


K,MRB 


105302.170 


19.9 


-4.48 


6.9 


-5.13 


Pn 


4463.027 


+0.026 


K,MRB 


105549.670 


25.6 


-4.52 


9.1 


-5.19 


Pn 


4466.140 


-0.560 


NIST3 


105549.670 


9.8 


-4.57 


2.2 


-5.32 


Pn 


4468.000 


-0.208 


K,MRB 


105244.060 


24.0 


-4.35 


blend 




Pn 


4475.270 


+0.440 


NIST3 


105549.670 


36.8 


-4.63 


16.2 


-5.25 


Pn 


4483.693 


-0.431 


NIST3 


105302.370 


10.0 


-4.69 


2.3 


-5.43 


Pn 


4499.230 


+0.470 


NIST3 


107922.930 


38.0 


-4.44 


blend 




Pn 


5296.077 


-0.160 


NIST3 


87124.600 


56.3 


-4.15 


33.9 


-4.74 


Pn 


5316.055 


-0.294 


NIST3 


86743.960 


47.9 


-4.31 


28.3 


-4.82 


Pn 


5344.729 


-0.390 


NIST3 


86597.550 


45.6 


-4.28 


25.7 


-4.81 


Pn 


5386.895 


-0.520 


NIST3 


86743.960 


51.8 


-3.98 


25.6 


-4.67 


Pn 


5425.880 


+0.180 


NIST3 


87124.600 


71.8 


-4.22 


47.4 


-4.71 
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HR6000[13450,4.3,AT12] 46 Aql[12560,3.8,AT12] 



Species 


MA) 


log gf 


Ref." 


Xlow 


W(mA) 


logiNelem/Ntol) 


W(m) 




Pn 


6024.178 


+0.137 


NIST3 


86743.960 


69.8 


-4.04 


45.7 


-4.57 


Pn 


6034.039 


-0.220 


NIST3 


86597.550 


52.6 


-4.10 


29.4 


-4.70 


Pn 


6043.084 


+0.416 


NIST3 


87124.600 


81.1 


-4.05 


55.5 


-4.57 


Pm 


4059.312 


-0.051 


NIST3 


116885.870 


11.1 


-4.97 


2.5 


-5.87 


Pm 


4080.089 


-0.306 


NIST3 


116874.560 


5.5 


-5.21 


not ob 




Pm 


4222.198 


+0.210 


NIST3 


117835.950 


19.5 


-5.45 


not obs 




Pm 


4246.720 


-0.120 


NIST3 


117835.950 


10.6 


-4.78 


not obs 




Sn 


4162.665 


+0.777 


NIST3 


128599.160 


2.0 


-6.26 


5.3 


-5.74 


CI I 


4794.556 


+0.400 


NIST3 


107879.660 


not obs 


<-7.24 


not obs 


<-7.04 


Cai 


4226.728 


+0.244 


NIST3 


0.000 


profile 


>-5.68 


profile 


>-5.98 


Can 


3933.663 


+0.135 


NIST3 


0.000 


profile 


-5.68 


profile 


-5.98 


Can 


3968.469 


-0.180 


NIST3 


0.000 


profile 


-5.68 


profile 


-5.98 


Sen 


4246.822 


+0.242 


NIST3 


2540.950 


blend 




blend 




Sen 


4314.083 


-0.100 


NIST3 


4987.790 


not obs 


< -9.50 


not obs 


<-9.50 


Tin 


4053.821 


-1.130 


PTP 


15265.620 


6.4 


-6.40 


11.1 


-6.46 


Tin 


4163.644 


-0.130 


FTP 


20891.660 


19.3 


-6.51 


30.4 


-6.50 


Tin 


4287.873 


-1.790 


PTP 


8710.440 


3.5 


-6.38 


6.1 


-6.49 


Tin 


4290.215 


-0.850 


PTP 


9395.710 


15.6 


-6.55 


28.3 


-6.52 


Tin 


4294.094 


-0.930 


PTP 


9744.250 


16.5 


-6.47 


28.3 


-6.48 


Tin 


4300.042 


-0.440 


PTP 


9518.060 


30.2 


-6.52 


45.2 


-6.49 


Tin 


4301.922 


-1.150 


PTP 


9363.620 


8.6 


-6.56 


17.1 


-6.55 


Tin 


4367.652 


-0.860 


PTP 


20891.660 


5.7 


-6.42 


9.9 


-6.46 


Tin 


4395.031 


-0.540 


PTP 


8744.250 


29.2 


-6.49 


45.2 


-6.43 


Tin 


4399.765 


-1.190 


PTP 


9975.920 


3.3 


-6.94 


17.2 


-6.48 


Tin 


4411.072 


-0.670 


PTP 


24961.030 


5.0 


-6.45 


10.1 


-6.40 


Tin 


4417.714 


-1.190 


PTP 


9395.710 


8.8 


-6.51 


16.4 


-6.54 


Tin 


4418.331 


-1.970 


PTP 


9975.920 


2.4 


-6.31 


3.5 


-6.50 


Tin 


4443.810 


-0.720 


PTP 


8710.440 


22.3 


-6.50 


37.1 


-6.47 


Tin 


4450.482 


-1.520 


PTP 


8744.250 


5.5 


-6.45 


11.5 


-6.44 


Tin 


4464.448 


-1.810 


PTP 


9363.620 


3.1 


-6.40 


6.8 


-6.38 


Tin 


4468.492 


-0.620 


NIST3 


9118.260 


25.6 


-6.50 


39.6 


-6.50 


Tin 


4488.325 


-0.510 


PTP 


25192.710 


7.0 


-6.44 


12.4 


-6.44 


Tin 


4501.270 


-0.770 


PTP 


8997.710 


23.0 


-6.41 


37.6 


-6.39 


Tin 


4805.085 


-1.120 


NIST3 


16625.110 


7.2 


-6.28 


14.5 


-6.27 


Tin 


4911.195 


-0.610 


PTP 


25192.790 


5.4 


-6.45 


10.7 


-6.42 


Vn 


3093.105 


+0.530 


K.NBS 


3162.800 


blend 


<-9.14 


noise ? 


<-8.94 


Vn 


3102.289 


+0.410 


K.NBS 


2968.220 


not obs 


<-9.14 


noise 


<-8.94 


Vn 


3110.695 


+0.300 


K.NBS 


2808.720 


blend 


<-9.14 


blend 


<-8.94 


Vn 


3113.376 


+0.180 


K,NBS 


2687.010 


not obs 


<-9.14 


not obs 


<-8.94 


Vn 


3125.276 


+0.070 


K,NBS 


2604.820 


blend 


<-9.14 


blend 


-8.94 


Crn 


4812.337 


-1.800 


NIST3 


31168.580 


3.7 


-6.21 


not obs 




Crn 


4824.127 


-0.970 


SL 


31219.350 


26.4 


-5.98 


blend 




Crn 


4836.229 


-2.000 


SL 


31117.390 


3.9 


-5.99 


not obs 




Crn 


5237.329 


-1.160 


NIST3 


32854.310 


12.5 


-6.16 


1.5 


-7.48 


Crn 


5246.768 


-2.460 


NIST3 


29951.880 


1.2 


-6.14 


not obs 




Mnn 


3441.988 


-0.270 


NIST3 


14325.860 


85.3 


-4.92 (-5.00)* 


74.5 


-5.48 (-5.35)* 


Mnn 


3460.316 


—0.540 


NIST3 


14593.820 


74.5 


—4.91 (—5.00) 


60.2 


—5.65 (—5.65) 


Mnn 


3482.905 


-0.740 


NIST3 


14781.190 


65.3 


-4.98 (-5.00) 


53.0 


-5.70 (-5.65) 


Mnn 


3488.677 


-0.860 


NIST3 


14901.180 


65.7 


-4.85 (-4.85) 


52.5 


-5.60 (-5.60) 


Mnn 


3495.833 


-1.220 


NIST3 


14959.840 


55.3 


-4.85 (-4.85) 


42.2 


-5.65 (-5.65) 


Mnn 


3496.809 


-1.690 


NIST3 


14781.190 


38.1 


-5.09 (-5.00) 


27.0 


-5.87 (-5.90) 


Mnn 


3497.526 


-1.330 


NIST3 


14901.180 


47.7 


-5.05 (-4.90) 


35.5 


-5.84 (-5.85) 


Mnn 


3917.318 


-1.169 


K03Mn 


55759.270 


4.9 


-5.61 (-5.65) 


2.8 


-6.09 (-6.17) 


Mnn 


4363.258 


-1.929 


K03Mn 


44899.820 


4.2 


-5.49 (-5.58) 


2.3 


-6.03 (-6.15) 


Mnn 


4365.219 


-1.339 


K03Mn 


44899.820 


4.7 


-5.59 (-5.63) 


3.1 


-6.02 (-6.07) 


Mnn 


4478.635 


-0.942 


K03Mn 


53597.130 


8.2 


-5.68 (-5.63) 


5.0 


-6.16 (-6.15) 


Fei 


3581.193 


+0.406 


FW06 


6928.27 


17.3 


-3.67 


19.2 


-3.86 


Fei 


3618.768 


-0.003 


FW06 


7985.78 


8.0 


-3.73 


10.3 


-3.88 


Fei 


4005.242 


-0.610 


FW06 


12560.93 


6.6 


-3.59 


6.4 


-3.94 
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Table B.l. cont. 



HR6000[13450,4.3,AT12] 46 Aql[12560,3.8,AT12] 



Species 


MA) 


log gf 


Ref." 


Xlow 


W(mA) 




W(mA) 




Fei 


4071.738 


-0.022 


FW06 


12698.55 


15.4 


-3.71 


17.0 


-3.99 


Fei 


4202.029 


-0.708 


FW06 


11976.24 


4.5 


-3.71 


5.7 


-3.93 


Fei 


4219.360 


+0.000 


FW06 


28819.95 


4.0 


-3.55 


4.4 


-3.78 


Fei 


4235.936 


-0.341 


FW06 


19562.44 


4.9 


-3.62 


5.9 


-3.84 


Fei 


4271.760 


-0.164 


FW06 


11976.24 


14.7 


-3.66 


16.4 


-3.93 


Fei 


4383.545 


+0.200 


FW06 


11976.24 


25.2 


-3.67 


27.6 


-3.95 


Fei 


4404.750 


-0.142 


FW06 


12560.93 


18.6 


-3.51 


18.0 


-3.87 


Fei 


4415.122 


-0.615 


FW06 


12968.55 


6.2 


-3.61 


8.0 


-3.81 


Fei 


5324.179 


-0.103 


FW06 


25899.99 


blend 




3.3 


-3.98 


Fei 


5364.871 


+0.228 


FW06 


35856.40 


2.4 


-3.61 


2.2 


-3.92 


Fei 


5369.962 


+0.536 


FW06 


35257.32 


5.0 


-3.62 


4.3 


-3.95 


Fei 


5410.910 


+0.398 


FW06 


36079.37 


2.6 


-3.74 


2.9 


-3.94 


Fei 


5424.068 


+0.580 


FW06 


34843.95 


blend 




5.0 


-3.94 


Fei 


5615.644 


+0.050 


FW0(> 


26874.55 


blend 




3.9 


-3.99 


Fell 


3906.035 


-1.700 


FW06 


44929.55 


42.8 


-3.82 


43.7 


-4.02 


Fen 


3914.503 


-4.370 


FW06 


13473.41 


18.1 


-3.60 


22.4 


-3.80 


Fen 


3935.962 


-1.720 


FW06 


44915.05 


43.3 


-3.79 


44.1 


-3.99 


Fen 


3938.290 


-4.070 


FW06 


13471.41 


37.1 


-3.35 


31.7 


-3.83 


Fen 


3945.210 


-4.440 


FW06 


13673.18 


14.7 


-3.65 


18.1 


-3.85 


Fen 


4122.668 


-3.300 


FW06 


20830.58 


33.4 


-3.82 


36.8 


-4.03 


Fen 


4128.748 


-3.580 


FW06 


20830.58 


23.6 


-3.82 


27.9 


-4.00 


Fen 


4178.862 


-2.440 


FW06 


20830.58 


58.3 


-3.93 


61.7 


-4.11 


Fen 


4258.154 


-3.480 


FW06 


21812.05 


26.6 


-3.78 


29.7 


-3.99 


Fen 


4273.326 


-3.300 


FW06 


21812.05 


32.6 


-3.79 


39.6 


-3.90 


Fen 


4296.572 


-2.930 


FW06 


21812.05 


44.5 


-3.82 


50.1 


-3.95 


Fen 


4303.176 


-2.610 


FW06 


21812.05 


57.6 


-3.74 


63.1 


-3.86 


Fen 


4369.411 


-3.580 


FW06 


22409.85 


21.5 


-3.80 


25.5 


-3.98 


Fen 


4413.601 


-4.190 


FW06 


21581.64 


10.4 


-3.66 


13.7 


-3.81 


Fen 


4416.830 


-2.600 


FW06 


22409.85 


56.7 


-3.75 


59.3 


-3.96 


Fen 


4491.405 


-2.640 


FW06 


23031.30 


49.8 


-3.88 


53.5 


-4.06 


Fen 


4508.288 


-2.350 


FW06 


23031.30 


66.2 


-3.68 


70.1 


-3.84 


Fen 


4515.339 


-2.360 


FW06 


23939.36 


57.8 


-3.86 


61.3 


-4.04 


Fen 


4520.224 


-2.620 


FW06 


22637.21 


54.4 


-3.78 


no spectra 




Fen 


4522.634 


-1.990 


FW06 


22939.36 


68.7 


-3.97 


no spectra 




Fen 


4923.927 


-1.210 


FW06 


23317.63 


100.8 


-3.91 


blend 




Fen 


4993.358 


-3.680 


FW06 


22637.20 


19.6 


-3.74 


23.2 


-3.93 


Fen 


5004.188 


+0.482 


KOO 


82853.66 






47.6 


-3.88 


Fen 


5006.840 


-0.281 


K09 


83713.53 






20.4 


-3.90 


Fen 


5007.450 


-0.382 


K09 


83726.37 






16.4 


-3.94 


Fen 


5010.060 


-0.808 


KOO 


83726.37 






10.1 


-3.80 


Fen 


5011.026 


-1.177 


KOO 


83726.37 






3.6 


-3.95 


Fen 


5018.440 


-1.350 


FW06 


23317.63 


111.7 


-3.57 


116.7 


-3.77 


Fen 


5022.419 


-0.052 


K09 


83459.67 






23.6 


-4.03 


Fen 


5026.798 


-0.235 


K09 


83136.46 






22.0 


-3.92 


Fen 


5030.631 


+0.431 


FW06 


82978.68 


50.7 


-3.69 


43.2 


-3.95 


Fen 


5032.704 


+0.143 


KOO 


83812.30 






30.9 


-3.97 


Fen 


5035.700 


+0.630 


FW06 


82978.68 


59.7 


-3.64 


51.6 


-3.90 


Fen 


5036.713 


-0.527 


K09 


83812.30 






13.0 


-3.94 


Fen 


5045.108 


-0.116 


KOO 


83136.46 






26.8 


-3.88 


Fen 


5060.249 


-0.479 


KOO 


84266.54 






12.7 


-3.97 


Fen 


5062.927 


-1.166 


KOO 


83136.46 






7.0 


-3.68 


Fen 


5067.890 


-0.173 


KOO 


83308.19 






22.4 


-3.95 


Fen 


5070.583 


-0.865 


K09 


83308.19 






6.6 


-3.99 


Fen 


5070.895 


+0.262 


KOO 


83136.46 






37.9 


-3.92 


Fen 


5075.760 


+0.233 


KOO 


84326.92 






33.3 


-3.95 


Fen 


5076.597 


-0.749 


KOO 


83713.53 






8.8 


-3.95 


Fen 


5081.898 


-0.689 


KOO 


83713.53 






8.3 


-4.02 
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HR 6000[13450,4.3,AT12] 


46 Aql[12560,3.8,AT12] 


Species 


A(A) 


loe sf 


Ref." 


/Clow 


W(mA) 




W(mA) 


l0g{Nelem/Ntot) 


Fen 


5086.306 


-0.472 


K09 


83990.06 






14.7 


-3.90 


Fen 


5089.214 


-0.014 


K09 


83308.19 






27.0 


-3.96 


Fen 


5093.783 


-0.703 


K09 


83726.37 






12.7 


-3.77 


Fen 


5117.032 


-0.129 


K09 


84131.58 






22.0 


-3.96 


Fen 


5132.669 


-4.090 


FW06 


22637.20 


17.5 


-3.40 


14.0 


-3.83 


Fen 


5140.692 


-0.822 


K09 


83990.06 






9.9 


-3.78 


Fen 


5143.875 


+0.054 


K09 


84266.54 






21.6 


-4.14 


Fen 


5144.352 


+0.307 


FW06 


84424.37 


40.1 


-3.73 


32.8 


-4.03 


Fen 


5169.033 


-0.870 


FW06 


23317.63 


115.1 


-4.01 


121.0 


-4.19 


Fen 


5180.312 


+0.002 


K09 


83812.30 






26.9 


-3.94 


Fen 


5199.118 


+0.054 


K09 


83713.53 






30.3 


-3.87 


Fen 


5200.798 


-0.390 


K09 


83812.30 






17.4 


-3.87 


Fen 


5203.634 


-0.088 


K09 


83812.30 






25.9 


-3.88 


Fen 


5218.841 


-0.250 


K09 


83726.37 






23.6 


-3.85 


Fen 


5219.920 


-0.628 


K09 


84870.86 






10.3 


-3.89 


Fen 


5222.350 


-0.332 


K09 


84844.82 






15.0 


-3.96 


Fen 


5223.802 


-0.546 


K09 


83713.53 






14.6 


-3.83 


Fen 


5224.404 


-0.581 


K09 


83990.06 






12.5 


-3.87 


Fen 


5234.625 


-2.210 


FW06 


25981.63 


69.6 


-3.54 


71.0 


-3.76 


Fen 


5237.949 


+0.103 


K09 


84266.54 






29.8 


-3.90 


Fen 


5245.455 


-0.502 


K09 


84326.92 






13.6 


-3.88 


Fen 


5247.956 


+0.550 


FW06 


84938.18 


46.2 


-3.74 


39.7 


-4.01 


Fen 


5257.119 


+0.115 


K07 


84685.20 






26.7 


-4.00 


Fen 


5265.985 


-0.936 


K09 


84035.12 






9.3 


-3.68 


Fen 


5270.029 


-0.097 


K09 


84710.70 






18.0 


-4.08 


Fen 


5272.397 


-2.010 


FW06 


48039.09 


35.0 


-3.51 


35.4 


-3.71 


Fen 


5276.002 


-1.900 


FW06 


25805.33 


67.0 


-3.93 


71.7 


-4.07 


Fen 


5284.109 


-3.200 


FW06 


23317.63 


38.2 


-3.63 


40.6 


-3.86 


Fen 


5291.661 


+0.561 


K09 


84527.76 






42.8 


-3.95 


Fen 


5306.182 


+0.044 


FW06 


84870.87 


30.4 


-3.70 


26.7 


-3.91 


Fen 


5315.083 


-0.422 


K09 


85048.61 






13.2 


-3.93 


Fen 


5316.615 


-1.780 


FW06 


25428.78 


79.9 


-3.71 


81.9 


-3.93 


Fen 


5318.055 


-0.177 


K09 


84527.76 






22.3 


-3.85 


Fen 


5355.421 


-0.203 


K09 


84685.20 






13.2 


-4.17 


Fen 


5358.872 


-0.130 


K09 


84685.20 






14.8 


-4.17 


Fen 


5359.237 


-1.112 


K09 


84710.70 






7.2 


-3.59 


Fen 


5366.210 


-0.549 


K()9 


84710.70 






16.4 


-3.68 


Fen 


5425.257 


-3.390 


FW06 


25805.33 


27.8 


-3.59 


30.2 


-3.81 


Fen 


5430.003 


+0.427 


FW06 


85462.86 






36.7 


-3.92 


Fen 


5444.386 


-0.153 


K09 


85495.32 






19.5 


-3.90 


Fen 


5451.316 


-0.756 


K09 


84685.20 






7.1 


-3.95 


Fen 


5465.932 


+0.348 


FW06 


85679.70 


42.3 


-3.58 


35.6 


-3.86 


Fen 


5472.855 


-0.723 


K09 


84685.20 






10.5 


-3.77 


Fen 


5475.826 


-0.129 


K09 


84685.20 






19.7 


-3.96 


Fen 


5488.776 


-0.468 


K09 


85462.86 






13.3 


-3.84 


Fen 


5492.398 


—0.127 


K09 


84685.20 






25.1 


-3.78 


Fen 


5493.830 


+0.259 


FW06 


84685.20 


37.7 


-3.68 


32.5 


-3.93 


Fen 


5502.670 


-0.179 


K09 


85184.73 






21.2 


-3.83 


Fen 


5534.847 


-2.860 


FW06 


26170.18 


50.5 


-3.44 


51.1 


-3.70 


Con 


3501.708 


-1.111 


K06 


17771.506 


not obs 




not obs 


< -8.02 


Con 


4160.657 


-1.751 


K06 


27484.371 


blend 




blend 




Nin 


4067.031 


-1.834 


K03Ni 


32499.530 


9.9 


-6.24 


9.8 


-6.47 


Cun 


4909.734 


+0.790 


K03Cu 


115568.985 


not obs 




3.1 


-6.26 


Cun 


4931.698 


+0.704 


K03Cu 


115662.550 


not obs 




2.7 


-6.22 


Zni 


4810.528 


-0.137 


K.WAR 


32890.352 


not obs 




5.1 


-5.85 


Znn 


4911.625 


+0.540 


NIST3 


96909.740 


not obs 




23.0 


-5.76 
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Table B.l. cont. 



HR 6000(13450, 4. 3, AT12] 46 Aql[12560,3.8,AT12] 



Species 


A(A) 


log 8.f 


Rcf." 


Xlon 




W(mA) 




W(mA) 




Gail 


4255, 


.722 


+0.634 


RS94 


113842, 


190 


not 


obs 




not obs 




Gail 


6334, 


.069 


+ 1.000 


RS94 


102944, 


550 


not 


obs 




not obs 




As II 


5105, 


.58 






81508, 


,925 


not 


obs 




4.0 




As II 


5107, 


.55 






82819, 


214 


not 


obs 




blend 




Asn 


5231, 


.38 








79128, 


,330 


not 


obs 





3.2 





Asn 


5331, 


.23 






81508, 


,925 


not 


obs 




9.4 




Asn 


5497, 


.73 






78730, 


.893 


not 


obs 




blend 




Asn 


5558, 


.09 






79128, 


.330 


not 


obs 




9.4 




Asn 


5651, 


.32 






81508, 


.925 


not 


obs 




11.0 




Asn 


6110, 


.07 






83819, 


214 


not 


obs 




3.3 




Asn 


6170, 


.27 






79128, 


.330 


not 


obs 




blend 




Srn 


4077, 


.709 


+0.151 


NIST3 


0, 


.000 


not 


obs 




not obs 




Yn 


3950, 


.349 


-0.490 


K,HL 


840, 


.213 


profile 


-8.60 


4.2 


-8.20 


Yn 


4883, 


.682 


+0.070 


K,HL 


8743, 


.316 


profile 


-8.60 


7.3 


-8.03 


Yn 


4900, 


.120 


-0.090 


K,HL 


8328, 


.041 


profile 


-8.60 


5.5 


-8.04 


Xen 


4844, 


.330 


+0.491 


NIST3 


93068, 


.440 


28.8 


-5.23 


17.5 


-5.81 


Hgn 


3983, 


.890 


-1.510 


NIST3 


35514, 


.000 


profile 


-8.20 


profile 


-7.10 



" (NIST3) NIST Atomic Spectra Database, version 3 at |http: / /physics. nist.gov| 

(FW06) Fuhr & Wiese (2006); 

(FTP) Pickering ct al. (2002); 

(RS94) Ryabchikova &; Smirnov (1994); 

(SL) Sigut & Landstreet (1990); 

K03Mn: |http://k urucz. harvard. edu/atoms/2501/gf2501.pos| 
K03Ni: [http://k urucz.harvard.edu/atoms/2801/gf2801.posl 
K03Cu: [http://kurucz.harvard.e du/atoms/2901/gf2901 .posl 
K06: |http://kurucz. harvard. edu /atoms/2701/gf2701.pos[ 

K07:^http://kurucz. harvard. edu /atoms/2601/gf2601.pos[ 2007 version, no longer available. The log gf gives better agreement with the observations 
than the K09 new determination; 

K09: |http://kurucz. harvard.edu/atoms/2601/gf2601.po s January 2009 version; 

"K" before another log gf source means that the log g f is from Kurucz files available at |http://kurucz.harvard.edu/linelists/gflOO/| (HL) 
Hannaford ct al. (1982);(KP) Kurucz & Pcytrcmann (1975); (MRB) Miller ct al. (1971); (NBS) Younger et al. (1979); (WAR) Warner (1968). 

The abundances given in parenthesis were derived from line profiles. All computed line profiles include hyperfine components, except for that at 
3917.318A. 



